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fll6taV!>ltid.e  eoBversloti  of  solar  enersy^  for  atucUlazy  power  In  Space 
vehlGles  Is,  at  present,  the  most  practical  source  Of  awdUary  pOfUer 
of  this  type  and  is,  essentially,  the  only  proven  method.  Oeiirent 
space  progi^s  rely  almost  exclusively  on  photovoltaic  conversion  by 
silicon  solar  cells  for  all  but  the  shortest  of  space  flints. 

Similarly,  silicon  cells  can  also  be  employed  for  the  cojoversion  of 
solar  energy  to  electrical  energy  in  earth-bound  applications. 

In  general,  our  purpose  is  to  inrprove  the  design  of  silicon  cell 
power  systems  by  improving  the  dependability  and  performance  by 
reducing  the  cost.  The  following  three  factors  contribute  to  the 
efficiency  of  conversion  of  Solar  radiant  energy  to  electrical  energy 
by  silicon  solar  cells; 

1.  the  performance  characteristics  of  the  silicon  solar  cell, 

2.  the  reuUatlon  Incident  on  the  solar  cell,  and 

3.  the  heat  transfer  envlroiment  of  the*  silicon  solar  call. 

The  photovoltaic  cell  performance  "characteristics"  refer  to  curves 
showing  electrlc6l  power  ,  current,  and  voltage  output  data  as 
functions  of: 

1.  the  total  intensity  of  the  incident  radiation, 

2.  the  spectral  distribution  of  the  incident  radiation,  and 

3.  the  cell  temperature. 

The  incident  radiation  can  be  described  in  terms  of  the  total  intensity, 
the  spectral  distribution,  and  the  angle  of  incidence  upon  the  phpto« 
voltedc  cell  assembly,  Ihe  heat  transfer  environment  of  the  photovDltale 
cell  is  Important  since  there  is  considerable  reduction  of  solar  caCLl 
eonverslon  efficiency  with  increasing  cell  tenpersture. 


More  speGifiGally,  this  partieular  program  is  conGerned  with  the  use 
ol'  GOMcentrated  and  filtered  solar  radiation  on  silicon  photovoltaic 
cells  ;!.n  solar  power  systais.  Tho  purpose  of  this  study  of  concentra^ 
tion  of  Such  radiation  is  to  increase  the  power  obtained  per  Unit  cell 
area,  thus  I'educing  the  ireiflxt  a;)i'd  the  cost.  It  is  anticipated  that 
;?iltering  \;ill  a:fford  important  increases  of  power  output  per  cell  by 
rejecting  radiations  which  ino.stly  )ieat  the  cells  and  by  accepting  only 
t)\e  radiations  which  ifiost  advantageously  yield  power  output. 

Since  the  first  use  of  silicon  cells  on  Vanguard  1,  considerable  pro¬ 
gress  has  been  made  in  improving  the  efficiency  of  the  basic  solar 
cell  and  in  improving  the  efficiency  gain  effected  by  cell  coating  to 
Increase  the  radiation  of  beat  and,  to  some  extent,  to  reduce  the 
absorption  of  radiation  whiGh  merely  heats  the  cells. 

In  addition,  the  use  of  filters  on  the  radiation  concentrating  sur¬ 
faces  is  also  considered  in  this  study  as  a  further  means  of  increasing 
the  power  obtained  per  cell.  The  proper  application  of  filters  and 
concentrators  to  solar  energy  conversion  results  in  a  reduction  in 
the  weight  and  cost  of  the  system. 

In  order  to  design  the  solar  cells,  filters  and  concentrators  in  a 
photovoltaic  cell  solar  power  sy'^stem  and  to  evaluate  the  cost  and 
perfoiTnance  of  the  system,  it  is  necessary  to  consider  the  entire 
power  system. 

The  studies  of  the  first  six  months  of  the  contract  work  period  will 
lead  to  the  delivery  of  sample  spectrally  selective  optical  coatings 
on  glass  substrates,  in  accordance  with  the  contract  statement  of 
worJi . 
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Perforinance  analyses  oi'  silicon  cell  aolax*  power  systCAs  using 
radiation  concentration  and  filtering  have  been  obtained.  The 
perforaance  characteristics  of  silicon  photovoltaic  cells  and 
filters  have  been  studied  with  respect  to  the  relation  of  their 
characteristics  to  the  power  system  design  and  perforinance.  The 
elementary  conditions  of  system  design  for  optimum  performajice  have  been 
established.  The  elements  of  a  plan  have  been  outlined  for  the 
development  of  adequate  methods  for  the  design  and  performance  analysis 
of  photovoltaic  cell  solar  power  systems  using  radiation  concentration 
and  filtering.  Al^o,  a  basic  plan  for  the  construction  of  a  proto¬ 
type  solar  power  system  with  concentration  and  filtering  has  been 
outlined. 


Sectidh  3 

PUBLICATION,  LECTUIES,  REPORTS  A®  CONURENGES 

The  fdlldwiag  publiGations,  lecture8>  reports  and  ednfereriGes  have 
resulted  directly  frcm  research  and  development  by  Spectrolab  under 
contract  NOs  DA  36*039  SG-87U49  during  the  report  period  1  July  I96I 
through  31  December  1961. 

Reports 

Monthly  Letter  of  Progress  reports  for  the  report  period  have  been 
Submitted  as  follows: 


No.  1,  July  I96I;  No.  2,  August  I96I;  No.  3,  September  I96I; 

Ho.  h,  October  I96I;  No.  November  l961j  No.  6,  December  196I. 
Also,  the  flrst»fismi*annual  report  was  submitted,  i.e.  Technical 
Summary  Report  No.l,  1  June  I96I  through  30  June  196I. 
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FACTUAL  DATA 

Task  A.  f erfoiHaiiGe  Studies  of  Solar  Pover  System  Using  Silicon  Cells 

Phase  1»  An  Elementary  Study  of  Solar  Cell  Performance  with 
Radiation  Concentration  and  Filtering. 

The  analysis  Of  this  section  is  based  upon  cells  which  are 
typical  Of  those  in  production  during  i960.  The  particular 
cell  which  is  the  subject  of  this  study  will  be  designated 
"i960  non-gridded  red  cell".  The  spectral  Sensitivity  Of  this 
cell  is  shown  in  Fig.  1.  The  cell  was  covered  with  a  Solakote 
"A"  filter  for  the  improvement  of  its  emissivity  ajid  absorp'^ 
tivity.  The  Spectral  emissivity  of  the  "i960  non-gridded  red 
cell"  with  Solakote  "A"  filter  is  shown  in  Figure  2.  The 
performance  of  the  "i960  non-gridded  red  cell"  for  conditions 
of  deep  space  under  air-mass-zero  insolation  (see  Fig.l)  was 
determined  using  the  following  simple  approximations  of  the 
radiative  heat  transfer  properties  of  the  cell  and  panel 


surfaces : 

Cell  surface-area  utilization  0.90 

Coated-cell  emissivity  O.87 

Coated-cell  solar  absorptivity  O.9I 

Effective  emissivity  of  non-active 
front  panel  siirface  O.69 

Effective  absorptivity  of  non¬ 
active  front  panel  surface  0.20 

Rear  panel  surface  emissivity  O.9O 

Thermal  conductance  from  front 


panel  surface  to  rear  panel  surface 

The  relative  performance  of  this  cell  as  a  function  of  temperature 
is  shown  in  Figure  3- 

Under  the  above-described  conditions,  the  equilibrium 
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temperature  would  be  3i7"K  at  unity  concentration  ratio 
for  cells  having  an  efficiency  of  ten  percent.  Pig.  U 
compares  the  curve  of  equilibrium  temperature  as  a 
functioa  of  incident  energy  for  ten-percent  efficient 
bfiure  cells  with  the  same  data  for  Solakote  "AV  coated 
cells  of  ten-percent  efficiency.  Also,  using  the  afore¬ 
mentioned  approximations,  curves  of  the  equilibrium 
temperature,  the  thermal  degradation  (i.e.,  the  relative 
efficiency)  and  the  relative  output  of  I960  non-gridded 
red  cells  having  Solakote  "A"  filters  were  obtained  as 
functions  of  the  incident  energy  and  are  shown  in  Figure  5* 
The  Saturation  effect  of  high  irradiation  On  the  per¬ 
formance  of  silicon  cells  was  neglected  in  computing  these 
c\irves.  The  relative  output  curve  indicates  that  the  cell 
output  rises  rather  slowly  with  incident  energy  and  reaches 
a  byroad  peak  at  approximately  310  mw/cm  incident  energy, 
at  which  point  the  equilibrium  temperature  of  the  cell 
is  387®K.  At  incident  energies  exceeding  3IO  raw/cm^,  the 
output  decreases  with  increasing  irradiation. 

The  performance  curves  shown  in  Fig.  6  as  functions  of 
incident  energy,  but  at  constant  cell  temperature,  indicate 
that  output  efficiency  will  be  further  degraded  at  high 
illumination  levels.  As  will  be  indicated  later,  this 
is  due  to  cell  series-resistance. 

In  Fig.  3  ib  is  shown  that  for  an  achromatic  concentrator, 
a  maxiimmi  output  gain  of  only  about  §8  percent  is 
achieved  at  an  energy  concentration  ratio  of  310/lh0  *  2.2, 
and  an  area  concentration  ratio  of  2.2/rs,  where  "r"  is 
the  concentrator  reflect^ce  and  "s"  is  the  area  utiliza¬ 
tion  factor.  Since  the  solar  cell  has  varying  spectral 
sensitivity  and’ an  approximately  constant  absorptivity 
over  the  spectral  range  of  the  incident  radiation,  an 
additional  gain  csu}  be  achieved  by  concentrating  only  the 
part  of  the  spectruoa  which  is  most  active  in  producing 


electriGal  power  and  by  eliminating  the  regions  for  whioh  the  thermal 
degradation  predominates. 

It  is  clear  from  basic  considerations  that  under  the  conditions 
described,  the  maximum  output  for  such  a  cell  array  (using  I96O 
non-gridded  "red"  cells)  would  result  from  monochromatic  irradiation 

g 

at  a  wavelength  of  about  820  m^  and  an  intensity  of  about  310  mw/cm 
(ignoring  saturation  effects).  For  truly  monochromatic  light,  this 
would  require  an  infinite  concentration  ratio.  Fortunately, 

Suitably  reducing  the  concentration  ratio  does  not  great  affect 
the  output. 

An  analysis  of  Cell  Output  as  a  fimction  of  area  concentration  ratio, 
assuming  3IO  mw/cm  incident  energy  on  the  cell,  was  made  by  varying 
the  bandwidth  transmitted  to  the  solar  cell.  The  results  of  this 
analysis  presented  in  Fig.  7  show  that  by  spectral  selection  and 
concentration  it  is  possible,  in  an  ideal  sense,  to  increase  the 
cell  output  from  1.28  to  3 *04  times  that  of  a  coated,  oriented, 
non-concentrated  and,  substantieilly,  non-filtering  system.  Thus, 
the  relative  output  is  reduced  by  only  4  percent  for  a  reduction 
in  concentration  ratio  from  infinity  to  10.  Therefore,  the  physical 
factors  with  respect  to  size,  weight,  tracking  accuracy,  and 
mechanical  and  optical  design  (to  provide  uniformity)  which  are 
associated  with  large  concentration  ratios,  and  which  contribute 
to  some  of  the  major  advantages  of  photovoltaic  solar  conversion 
as  compared  to  other  solar  energy  power  sources,  are  still  valid 
for  a  photovoltaic  system  with  filtering  and  concentration  which  is 
associated  with  a  low  concentration  ratio. 

There  are  negligible  gains,  and  in  fact,  disadvantages  for  area  coh' 
eentration  ratios  greater  than  10.  However,  the  relative  output  falls 
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off  rapidly  as  the  area  ccncentration  ratio  is  reduced  "below  10. 
Foi'  ah  area  conGentratich  ratio  of  7,  the  relative  Output  is 
down  to  2,64,  13  percent  telov  the  maximum.  The  desirable 
conGentration  ratio  for  a  given  prohlem  would  be  the  result  of  a 
compromise  obtained  by  evaluating  numerous  factors,  e.g., 
complexity,  reliability,  orientation  requirements.  For  the 
particular  cells  and  heat  transfer  environment  used  in  the 
analysis,  the  optimum  concentration  ratio  Will  lie  between  2.2 
and  10,  The  results  of  this  preliminary  and  elementary  analysis 
are  Summarized  in  Table  4-1,  An  Important  conclusion  from  these 
results  is  that  the  maximum  silicon  solar  cell  output  obtained 
with  radiation  filtering  and  concentration,  in  the  deep  thermal 
environment,  IS  about  three  times  the  output  obtained  without 
filtering  and  concentration.  This  maucimum  of  power  output  under 
these  conditions  is  due  to  the  opposite  effects  of  the  increase 
of  power  due  to  illumination  and  the  degradation  of  power  by  cell 
heating.  Of  course,  if  by  some  means  this  cell  heating  is  limited 
as  the  cell  illiuoination  is  increased,  the  maximum  silicon  soleur 
cell  output  is  much  higher  and  will,  .be  limited  most  probably  by 
cell  series-resistance. 

It  should  be  emphasized  that  the  foregoing  conclusions  apply  to 
the  "i960  non-gridded  red  cell",  for  which  the  cell  series- 
resistance  has  been  neglected.  In  addition,  these  conclusions 
are  based  on  the  heat  transfer  environment  of  deep  space.  In  . 
ground  app.lications  of  solar  power  systems  it  is  necessary  to 
also  consider  radiative  heat  transfer  from  the  sky  and  terrain 
as  well  as  heat  transfer  by  convection  to  the  atmosphere ^  in 
determining  photovoltaic  cell  temperatures. 
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Phase  2.  Further  Studies  of  Solar  Cell  Perforniance  with  Radiation 
Concentration  and  Filtering. 

(it)  System  Configuration. 

For  these  studies,  the  solar  power  system  is  a  Cassegrainian 
configuration  of  primary  and  secondary  mirrors  with  an  array 
of  silicon  solar  cells  as  shown  in  Figure  8A.  The  system 
Is  assumed  to  be  operating  in  deep  space.  The  performance 
of  this  system  has  been  Investigated  for  various  silicon 
cells  and  reflection  filter  designs.  (The  heat  transfer 
environment  Is  the  same  in  ail  cases  and  such  that  the  cell 
temperatures  are  determined  by  the  data  in  Figures  9  through 
13). 

(h)  Solar  Cell  Array  Equilibrium  Temperature  Analysis = 

The  following  anal.ysis  relates  steady-state  cell  temperature 
to:  (a)  the  Incident  energy  to  the  cell,  (b)  the  cell 
conversion  efficiency,  and  (c)  the  reflector.i'array  geometry 
for  a  Cassegrainian  reflector  system. 

The  following  assumptions  were  made; 

(1)  All  radiant  flux  incident  on  the  cell  is  either  absorbed 
as  thermal  energy  or  converted  into  electrical  energy. 
(Present  day  cells  have  high  absorptivity  characteristics. 
Thia  characteristic  is  particularly  valid  for  reflector* 
filtering  concentrator  systems  since  reflection  of 
filtered  energy  by  the  cell  degrades  system  overall 
efficiency. ) 

(2)  All  solar  energy  reflected  by  the  primary  reflector 
is  uniformly  distributed  upon  the  secondary  reflector 
of  the  Cassegrainian  system. 
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(3)  Emlsslvity  of  non-refleet Ive  surface  (back  surfstee) 
of  prljnary  reflector  is  0.9^,  attainable  with 
coatings . 

(U)  EmlSsivlty  of  reflective  surfaces  Is  1*0^  (n^sent 
reflective  coatings  have  emiSSivities  of  approxi¬ 
mately  0.95,) 

(5)  Emlsslvity  of  shaded  surface  of  oassegralnlan  array 
is  0.9^,  attainable  with  coatings* 

(6)  The  surface  properties  of  the  directly  sun-lighted 
surface  of  the  Cassegralnlan  secondary  reflector 
are: 

a  -  0.09,  £  -  0.90  (coating  properties 
anticipated  In  the  near  future)* 

(7)  Uniform  distribution  of  reflected  flux  upon  the 
array.  (Departure  from  this  assunptlon  is  snail  for 
the  D/d  values  considered.) 

(8)  Abeoiptlvlty  of  the  reflective  surface  of  the 
secondary  reflector  is  O.O5  for  the  Csissegralnlan 
system.  (This  is  presently  f.  ';ainable  for  selective 
-wavelengths.) 

(9)  The  paraboloidal  reflector  rim  subtends  an  angle 
of  100*  ,at  Its  focal  point. 


_  Focal  point 
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(id)  ^erin^  gradients  within  the  array  as  well  as 

within  the  primary  and  secondary  reflectors  were 
neglected.  (These  gradients  are  nlnimal  due  to 
wel^t  and  thermal  distortion  considerations.) 

(U)  Planetary  effects  such  as  alhedo  and  surface 
radiation  were  neglected. 


The  following  nomenclature  was  used  to  define  the  heat 
transfer  environment  of  the  Cd^segralnlan  solar  power 
systemt 


A_  ,  Projected  area 

proj 

A  Surface  area 

0£  Surface  solar  absorptivity 

S  Solar  flux 


d  Array  and  secondary  reflector  diameter 

D  Primary  reflector  diameter 

Fg  Emissivity  factor 

Configuration  factor 
<f  Stefan-Boltzmann  constant 

T  Ten^erature  ("K) 


S 

c 

d 


Subscripts: 

Pi 

P2 

si 

b2 

cl 

c2 

sp 


Flux  incident  to  cell 

Percent  cell  conversion  of  incident  energy 

Into  electrical  ener^ 


Reflective  surface  of  primary  reflector 

Nonwreflective  surface  of  prJjnary  reflector 

Surface  of  secondary  reflector 

Other  reflector  surface  (relative  to  si) 

Photovoltaic  cell  aide  of  array 

Other  surface  of  array  (relative  to  cl) 

Space 


k  ^7 


(e)  AnalyslB: 


A  /  Primary  reflector  (p) 

L  <r 


\ 


1 

Array  (c) 


Secondary  reflector  (a) 


CASSBtSlAINlAN  FLUX  CONCENTRATION  REFLECTOR  SYSTEM 

A  heat  balance  for  a  CftBaegrainlan  flux  concentration 
reflector  syetem  can  be  eaqpreBsed,  in  terms  of  flux 
incident  to  the  cell,  by  the  following  three  equations: 


>«a 


Sf  L 


(• 


”P)  ^ a-se  ^Acsb^p 


The  resulting  cell  temperatures  (to  the  fourth  pouer) 
are  shown  as  Figures  9  to  13  for  veorlous  eoneen- 
tratlon  ratios,  C^,  as  functions  of  flux  Inoldsnt  to  cell 
and  percent  cell  conversion  of  Incident  energy.  The 
resvilts  In  these  figures  are  hased  on  cosqplete  absorp¬ 
tivity  of  flux  Incident  to  the  cells.  Thus,  for  systems 
Incorporating  flux  filtering  hy  the  cell,  or  for  syatems 
Incorporating  lov-absorptlvlty  cells,  the  results  will 
have  to  he  modified. 

Performance  Analyses. 

The  power  output  of  a  solar  cell  nay  he  increased  hy 
Increasing  the  Intensity  of  the  light  impinging  on  It 
with  a  solar  concentrating-mirror  system.  However, 
as  previously  demonstrated,  a  point  Is  reached  at  which 
an  Increase  in  light  Intensity  produces  more  thermal 
degradation  of  the  cell  than  increase  in  power  output. 
Figure  l4  contains  a  curve  of  a  typical  temperature 
characteristic  of  an  experimental  gridded  "red"  silicon 
solar  cell.  A  similar  cujrve  for  a  "hlue"  cell  is 
shown  In  Figure  1^.  Also,  the  response  of  the  cell 
varies  with  wavelength  and  does  not  hest  match  the  solar 
spectrum  In  space.  If  spectrally  selective  filters 
are  used  on  the  surface  of  the  mirror,  the  wavelengths  of 
the  solar  spectrum  that  contribute  more  to  the  heating 
of  the  cells  than  to  the  power  ouctput  may  not  he  reflected 
hy  the  mirror  hut  may  instead  he  transmitted  hy  itjand 
thus  he  removed  from  the  working  hesm  finally  reaching 
the  solar  cells.  With  this  control  over  the  spectrum 
and  teoperatuFe  of  the  cells,  we  may  choose  our  operating 


conditions  to  maxlmate  the  power  Output  for  each 

/ 

physical  concentration  ratio,  that  is,  Cj^  =  ^D;  -  1, 

In  the  study  of  this  design  and  perfoxnance  problem  the 

following  cases  are  considered: 

(1)  Experimental  i960  gridded  "red"  cell  with  its 
maximum  power-temperature  characteristic  used 
with  ideal  concentrator  filters. 

(2)  Heliotek  gridded  "blue"  cell  With  the  "red"  cell 
maximum  power-temperature  characteristic  Used 
with  ideal  concentrator  filters. 

(3)  Experimental  gridded  "red"  cell  with  its  maximum 
power-temperature  characteristic  used  with 
realizable*concentrator  filters. 

(4)  Heliotek  gridded  "blue"  cell  with  the  "red"  cell 
maximum  power-temperat\ire  Characteristic  used  with 
realizable* concentrator  filters. 

(5)  Heliotek  gridded  "blue"  cell  with  its  maximum 
power-temperature  characteristic  used  with  ideal 
filters. 

(6)  Heliotek  gridded  "blue"  cell  with  its  maximum 
power-temperature  characteristic  used  with 
real! zable*f liters . 

The  assxmiptions  of  the  performance  analyses  are: 

(1)  The  ideal  filters  used  have  100-percent  reflectivity 
in  the  band-pass  region  and  zero-percent  reflectivity 
in  the  band-stop  region. 

*  "Realizable’'  is  used  in  the  sense  that,  given  sufficient 

time  and  effort,  it  should  be  possible  according  to  previous 
experience  to  produce  such  a  filter,  althou^  such  filters 
are  not  within  the  present  production  capability. 
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(2)  The  spectral  reflection  and  transmission  charac* 
teristlcs  of  the  realizable  concentrator  filters 
are  shovn  in  Figures  16>  I7  and  18. 

(3)  The  response  of  the  solar  cell  to  each  vavelengbh 
Of  solar  energy  is  degraded  by  temperature  in  the 
same  ratio  so  that  the  shape  of  the  response  curve 
remains  constant  and  only  its  amplltvide  changes. 

(4)  The  pover  output  of  the  cell  at  constant  tempera* 
ture  is  a  linear  function  of  illumination.  (For 
relatively  low  concentrations,  this  statement  is 
true.) 

(5)  The  load  impedance  matches  that  of  the  array  for 
any  operating  condition. 


Nomenclature  with  respect  to  the  spectral  chcuracteristlcs 
of  the  solar  radiation,  relative  cell  respozuie,  and 
concentration  filter  reflectance: 


^  Percent  conversion  of  energy  incident  on  the 

solar  cell  to  electrical  power. 

^  The  number  by  'vdilch  the  average  response 

m 

between  and  \g  is  multiplied  to  give  the 
average  response  between  a  narrower  band^pass 
region  chosen  between  llmitB  at  an  equal  height 
on  the  curve. 


\ 


The  relative  reapotiBe  of  the  solar  cell  to  a  wavelength 
of  light, 

The  Intensity  of  the  solar  energy  at  a  wavelength, 
Wavelength. 


The  lower  and  upper  cut-off  wavelengths  of  the  solar  cell, 
respectively. 

The  lower  and  upper  cut-off  wavelengths  of  the  filter, 
respectively. 

Coefficient  Of  temperature  degradation  Of  the  solar  cell. 


The  following  calculations  have  been  performed  for  two  types 
of  silicon  solar  cells;  one,  called  the  ’’experimental  'red* 
cell",  has  a  spectral  response  curve  which  peaks  at  0.82 
mlcronj  the  other,  commonly  called  the  "Hellotek  ’blue*  cell", 
has  a  spectral  response  curve  which  peaks  at  0.85  micron. 

Graphs  of  both  are  presented  In  Figures  23  and  24.  In  addition. 
Figures  23  and  24  include,  for  the  red  and  blue  cells, 
respectively,  the  cumulative  solar  energy  and  power  output  as 
a  fraction  of  the  total  between  and  \g.  The  data  for  "S"  is 
just  the  Johnson  Curve,  the  air-mass -zero  solar  spectrum  in 
space  near  the  earth,  where  the  total  flux  is  l40  mw/cm‘.  Of 
this,  the  red  cell,  having  cut-off  wavelengths  of  0.405  micron 
and  1.165  microns,  responds  to  95-8  mw/cm^,  while  the  blue  cell, 
having  cut-off  wavelengths  of  O.36  micron  and  1.20  microns 
responds  to  IO3.5  mw/cm^. 
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In  order  to  choose  a  systematic  method  of  considering  the  cut¬ 
off  wavelengths  of  the  filters,  we  have  chosen  those  wavelengths 
which  fall  at  equal  relative  response  heights.  This 
designates  the  bandwidth  used  by  specifying  the  region  located 
between  equal  response  heights  on  the  response  curve  of  the 
cell.  The  fraction  of  the  solar  energy  and  cell  power  output 
occurring  in  the  region  found  by  choosing  filter  band-pass 
limits  at  equal  height  on  the  response  curve  of  the  cell,  is 
shown  in  Figures  21  and  22  for  red  and  blue  cells,  respectively. 
In  addition,  (3^^  -  l)  is  also  plotted,  where  is  the  multiplier 
of  the  average  absolute  efficiency,  at  the  reference  temperature, 
between  and  necessary  to  obtain  the  average  efficiency 
Within  the  liiiiits,  as  defined  in  the  nomenclature.  The  power 
output  of  the  array  for  varying  concentration  ratios  and  ideal 
filter  band-pass  widths  is  shown  in  Figures  19,  20a  and  20b  for 
the  red  and  the  blue  cells,  respectively. 

For  both  the  red  and  the  blue  cells,  it  was  assumed  in  the 
calculations  that  the  average  absolute  value  of  the  response 
between  and  at  303 °K  is  13*3  percent.  This  assumes  an 
absolute  peak  response  of  the  red  cell  at  25  percent  and  of  the 
blue  cell  at  only  21. k  percent.  The  following  analysis  and 
specific  example  will  indicate  how  the  curves  in  Figures  19,  20a 
and  20b  were. constructed. 


(e)  Optimization  Procedure  for  Ideal  Filters. 


The  first  step  in  the  optimization  procedure  is  to  deter¬ 
mine  the  method  for  selecting  the  bandwidth  and  the  center- 
line  of  the  filter  passtoand.  A  preliminary  check  shows 
that  even  for  the  relatively  low  concentration  ratio  of 
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It.  Is  not  desirable  to  use  the  total  broad-band  energy 
since  narrowing  the  band-pass  limits  a  small  aiaount) 
in  any  arbitrazv  nannar^has  the  cffeot  of  Inoreasixig  the 
power  output. 

Since  all  of  the  broad-band  energy  will  not  be  used,  the 
portion  that  Is  used  should  be  chosen  In  a  Banner  such  that 
with  any  given  amount  of  solar  ener^  input ,  the  average 
efficleacy  of  converting  solar  ener^  to  electrical  energy 
will  be  the  hipest.  This  Is  done  by  choosing  the  filter 
hand-pass  limits  at  equal  heights  on  the  response  curve 
of  the  cell.  Shis  choice  has  a  twofold  effect  on  In¬ 
creasing  the  power  output  for  any  energy  input*  First, 

With  the  highest  conversion  efficiency  at  a  constant 
tenoperature ,  the  output  Is  highest.  Second,  with  more 
of  the  Input  energy  being  converted  to  electrical 
energy,  there  is  less  that  Is  being  converted  only 
Into  heating,  and  therefore  less  thermal  degradation* 


Now,  it  remains  to  use  the  curves  herein  presented  to 
find  the  actual  operating  point  of  the  cell*  !19hlB  is 
done  in  'Uie  following  exa8g>le  for  the  experimental  "red" 
cell: 


(1)  Choose  a  concentration  ratio  and  value*  In 
this  case,  select  ^  and  ■■  0*§* 

(2)  The  hroad-band  energy  wfaicdi,  without  filtering, 
would  be  concentrated  on  the  solar-cell  array  let 

-  (c*)  ®  ('<•) 


h  -  Ih 


(3)  0%e  energy  la  the  ]^  linlt  of  0.^  is  found  vith 
the  help  of  Figure  21.  Fidm.  the  abscissa  of 
a  6.5#  we  find  the  corresponding  ordinate  Of 
the  fraction  ofr 


that  ‘is  In  that  llsilt#  or  (6.53h)<  Thus, 


S 


Cone,  and  filter 


*5  X  0*534  a  204*5  var/cjiL  » 


(4)  $ 


(5) 


can  now  be  found.  From  Figure  21, 

0*46,  or  a  1.46*  Hence,  if  the  average 


absolitte  value  of  the  response  of  the  cell  between 
and  Xg  Is  13.3  percent,  then 

^303*K  “  percent, 

the  average  absolute  response  in  the  wavelength 
llBlts  dictated  by  ■  0*5,  and  at  the  tengpera- 
ture  303*  K. 

The  p  chosen  above  will  be  thermally  degraded. 
Therefore,  the  actual  p  of  the  cell  will  be  less. 

For  the  first  approximation,  choose:  p  *  l4  percent. 

p 

Then,  from  Figure  10  above  the  204.5  mw/cm 

I  ' 

abscissa,  we  find  the  (temperature)^  for  P  «■  l4 
by  interpolating  between  the  p  *  10  and  P  ■  15  lines: 


(^  -  lU) 


166  X  10®  or  T  -  358.5*  K. 


From  Figure  l4  ve  find  the  theiml  degridatlon 
coefficient  to  be: 


V  0.666 

•  19«^  (0.666)  ■  12.9peroent 
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Hence,  we  see  that  our  estimate  of  3  was  too  high,  so  we 
make  a  new  lower  estimate: 

^  =  12.6;  =  169  X  10®,;  T  -  36O.6; 

6  =  19.42  (0.653)  =  12.65  percent. 

The  two  6's  now  agree  as  closely  aS  can  be  expected  with 
the  graphical  accuracies  involved.  Ihe  power  output  is 
then: 

P  =  0.1265  (204.5)  -  24,8  mw/cm^. 

This  procedure  is  repeated  for  a  number  of  values  for  each 
concentration  ratio  until  the  curves  in  Figures  19,  20a  and 
20b  are  generated.  We  see  that  for  each  concentration  ratio,  the 
power  Output  peaks  at  higher  R  values  for  higher  Concentration 
ratios.  Obviously,  neglecting  size  and  weight  considerations^ 

=  1.00,  Cg  = 

(f)  Results  Of  Performance  Analyses. 

Using  the  methods  and  the  thermal  environment  data 
previously  discussed,  the  perfomance  of  three  "ideal" 
and  three  "realizable"  filters  for  use  with  the  "red"  and 
’'blue"  silicon  cells  was  estimated.  Curves  for  realizable 
filters  are  shown  in  Figures  I6,  IT  and  18,  in  the  "dotted-!' 
line"  curves.  The  "solid-line"  curves  are  convenient 
approximations  used  in  the  computation.  The 
realizable  filter  characteristics  were  determined  for 
use  with  a  "red"  cell  with  peak  spectral  response 


the  greatest  power  output  will  be  for  R^ 
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at  wavelength  \  =  0.82  micron.  These  filters  will  require 
from  nine  to  sixteen  layers.  As  the  bandwidth  narrows,  the 
niunber  of  layers  required  increases.  Each  ideal  filter  has  the 
same  cut-off  wavelength  as  the  corresponding  realizable  filter  and 
also  has  zero  transmittance  in  the  passband  and  perfect  transmittance 
outside  the  passband,  as  previously  defined.  For  both  the  red 

2 

and  blue  cells,  the  solar  insolation  was  assumed  to  be  lUO  mw/ cm 
and  the  broad -band  efficiency  (between  and  \g)  of  both  cells 
was  assumed  to  be  13.3  percent  at  303°K.  This  gives  the  red  cell 
a  peak  efficiency  of  25  percent,  and  the  blue  cell  a  peak  of  21. k 
percent.  Thus,  it  is  Seen  immediately  that  for  equal  broad -band 
efficiencies,  and  at  high  concentration  ratio,  C^,  the  red  cell 
perfoms  better  than  the  blue.  However,  for  equal  peak  efficiencies, 
the  opposite  is  true. 


The  computations  and  results  for  the  ideal  filters  are  shown  in 
Table  k  -  IV.  From  Figures  23  and  2k,  the  values  corresponding 
to  the  filter  cutoffs  were  found  and  tabulated.  In  those  few 
cases  where  the  "left"  and  "right"  values  of  differ  by  a 
small  amount,  the  average  is  given.  The  concentration  ratios 
may  be  checked  against  Figures  19  and  20  by  noting  which  curves 
peak  at  the  specified  values  of  Finally,  the  output  power 

was  read  from  the  peak  values  of  these  c\irves,  emd  tabulated  in 
Table  k  -  IV. 


Table  k  -  V  shows  computations  made  for  the  perfoiniance  of  the 
realizable  filters. 
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It  in  es]’'.ciallj  important  tc  note  here  that  the 
"experimental  silicon  gridhed  ’red'  cell"  (with  temperature 
coexficient  of  0.0060/‘’C)  and  the  "Heliotek  silicon  gridded 
'blue'  cell"  are  actual  existing  cell  types.  The 
hypothetical  silicon  gridded  blue  cell,  on  the  other  hand, 
is  a  purely  hypothetical  cell  with  the  same  characteristics 
as  the  existing  Heliotek  "blue"  cell,  except  for  the 
temperature  power  coefficient  which  is  the  same  as  that  for 
the  "red"  cell.  This  hypothetical  cell  is  included  in  order 
to  demonstrate  the  critical  Importance  of  the  temperature- 
power  coefficient.  For  comparison  with  the  results  in 
Table  4-II,  the  cell  power  outputs  at  a  concentration  ratio 
of  one  and  with  no  filters,  except  as  used  on  the  cell  in 
all  cases,  are  as  shown  in  Table  4-III. 

For  the  higher  concentration  ratios  the  cell  power  outputs 

are  much  greater  with  the  ideal  filters  than  with  the 

realizable  filters;  however,  for  the  lowest  concentration 

ratios  the  power  outputs  per  cell  are  only  slightly  higher 

for  the  ideal  filter.  The  reduction  of  power  output  with 

the  realizable  filters  is  due  almost  entirely  to  the  excessive 

heating  effect  of  the  radiation  transmitted  to  the  solar 

cells  by  the  realizable  filters  outside  their  passbands.  This 

effect  is  relatively  less  at  the  lowest  concentration  ratio 

since  in  this  case  the  heat  transmitted  to  the  cell  outside 

the  passband  is  small  in  comparison  to  that  transmitted  in 

the  wide  passband.  With  the  ideal  filter  the  maximum  power 

output  per  cell  occurs  at  the  highest  concentration  ratio; 

however,  with  the  realizable  filters  the  maximum  power  output 

per  ceil  occurs  at  an  optimvua  coucentrationratio  betvjecu  S  and 

U,  The  curves  on  Figure  25  are  presented  for  better  understanding  of 


the  results  in  Table  4- II.  In  Figure  2-5  curves  for  the 
silicon-cell  relative  spectral  response,  R(x),  and  the 
normalized  relative  solar  spectral  response  are  shovn  for 
the  "red"  and  the  "blue"  cells.  The  total  areas  under  the 
solar  spectral  reaponse  curves  are  equal  since  they  are 
normalized.  The  pover  output  of  a  solar  cell  due  to  a 
spectral  beuid  of  solar  radiation  aS  estimated  in  this  report 
is  * 


■vdiere  H  =  total  solar  incidence,  mw/cm^* 

0  ' 

=  transmittance  of  filter  system  in  the 

spectral  band, AX. 

^  =  cell  efficiency. 

aA  =  area  under  the  solar  spectral  response 
curve  in  the  spectral  band,  AX. 


The  spectre!  response  cxirves  are  critically  significant 
inasmuch  as ;  for  a  given  retdiation  concentration  ratio^ 
the  ma-Y-iTmnn  power  output  per  cell  under  the  conditions 
of  this  stvidy  occurs  for  both  the  ideal  and  realizable 
filters,  when  the  filter  cut-off  wavelengths  are  at  equal 
velues  of  R(x)  on  each  side  of  the  R(x)  curve.  This 
datajwith  the  spectral  reflectance  characteristics  of 
the  filters,  the  teniperature  of  the  cellsjand  the.  cell 
temperatxjre-power  characteristics^  determinesthe  cell 
power  output.  Thus,  for  example,  let  us  compare  the 
outputs  of  both  the  "red"  and  the  "blue"  cells  with  the 
temperature-power  coefficient  0.006o/“C.  These  cases# 
for  the  same  concentration  ratios  and  filters,  differ 
only  as  the  "red"  and  "blue"  cells  characteristic  curves 


on  Figure  25  differ.  For  these  corresponding  cases, 
the  power  output  of  the  "red"  cells  exceeds  the  power 
output  for  the  "hlue"  cells  only  as  the  area  Tinder  the 
solar  spectral  response  curves  within  the  filter  passbaad 
in  Figure  25  for  the  "red"  exceeds  that  for  the  "hlue" 
cell.  The  increase  of  power  of  the  hlue  cell  with  its 
proper  ten^ierature-power  coefficient,  0.004l/®C,  is  due 
to  both  its  lower  temperature-power  coefficient  and  to 
the  filters  which  are  optimum  for  the  "hlue"  cells. 

(g)  A  Summary  Statement  of  the  Elementary  Design  Conditions 
for  Optimum  Performance  of  a  Sllicon-Gell  Solar  Power 
System  Using  Radiation  Filtering  and  Concentration. 


The  elementary  design  conditions  for  optimum  performance 
of  a  silicon-cell  solar  power  system  which  employs  both 
filtering  and  concentration  have  been  previously  dis¬ 
cussed  and  analyzed  in  this  report. 

Consider  first  the  case  where  the  greatest  maximum  power 
per  cell  is  sou^t.  For  ideal  filters,  the  filter  pass- 
bandwidth  should  be  small  and  at  the  wavelength  ’of  cell 
maximum  spectreLL  response  and  with  the  small  bandwidth, 
the  illumination  concentration  ratio  should  be  so  hi^ 
that  the  combined  conditions  of  illumination  intensity  and 
cell  temperature  yield  the  maximum  power  output.  For 
realizable  filters,  the  illTanination  concentration  ratio 
will  he  in  the  range  6  to  12^  depending  on  the  filter 
perfoimance,  and  the  corresponding  filter  passhand  limits 
will  intersect  the  solar-cell  relative  response  curve  at 
equal  values  on  the  hi^  and  low  wavelength  sides  of  the 
curve.  As  the  filter  performance  is^roves,  the  illTanination 
concentration  ratio  tdlJ.  become  hl^er  and  the  filter  pass- 
bandwidth  TriUU.  he  narrower  for  the  greatest  may-tTnum  power 


performance.  For  the  case  of  the  maximum  power  per  unit 
axea  of  system  solar  beam  apertiire,  the  radiation  con¬ 
centration  ratio  is  only  slightly  greater  than  unity,  even 
with  Ideal  filters.  With  realizable  filters,  the  greatest 
power  per  unit  solar  beam  aperture  occurs  at  radiation 
concentration  ratio  of  \anity  and  a  concentrator  filter 
yields  little,  if  any,  advantage.  Thus,  it  is  not  to 
be  ejected  that  radiation  concentration  and  filtering 
will  yield  more  power  per  unit  area  of  solar  beam. 

(h)  Major  Conclusions  of  the  System  Performance  Analyses. 

For  silicon  cell  solar  power  systems  operating  in  deep 
space  heat  transfer  environment ; 

The  greatest  possible  power  output  per  cell  with 
radiation  concentration  and  filtering  is  three  to 
four  times  as  great  as  the  power  output  without 
concentration  and  filtering,  depending  on  the  cell 
performance  characteristics. 

(2)  The  feasible  power  output  per  cell, with  presently 
available  silicon  cells  and  presently  feasible 
filters,  is  three  times  greater  with  radiation 
concentration  and  filtering  than  without  concentra¬ 
tion  and  filtering.  This  power  output  per  cell  will 
occur  at  a  concentration  ratio  in  the  reu^e  6  to  12. 

(3)  The  maximum  power  output  per  cell  is  critically 
dependent  on  the  silicon  cell  and  filter  performance 
characteristics. 
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Elementary  Study  of  Solar-Cell  Output  vltli  Badlatlon  Filtering 

and  Concentration 


Concentration 
Ratio,  Cg 

Temperature 

*K 

Filters 

Power  Output 
(percent ) 

1 

317“ 

Notie 

100 

Solakote  "A" 

128 

10 

•• 

Perfect 
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• 
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• 
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Figure  5-15 

16 
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** 
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■ 
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•EABLE  i*  -  IV 


CJ0MPUTA3?I6li  OP  SOLAR  C:iLL  CIPPPUT  WITH  IDEAL  PILTSSS 
OH  Om  CONCEifTRATOR  HIRR(» 
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OOMPDIAIION  OF  SOIAR  CBII.  OUTFUT  WITH  REALIZABLE 
OH  ORB  OOHCBHTRATOR  MIRIIOR 
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TASK  1.  Silicon  Solar  Cell  Performance  CharacteristiGS 

The  development  of  fillers  and  concentraLors  to  be  used  in  systems 
for  the  conversion  of  solar  radiation  to  electrical  power  by  means 
of  silicon  photovoltaic  cells  requlies  wide  and  accurate  knowledge 
of  the  silicon  cell  perfnrir.anc-  c!  'i i  acter Istics. 

Phase  1.  The  principal  characteristic  curves  for  silicon  solar 
cells  are; 

(1)  Curves  of  cell  current  vs.  cell  voltage  for  various 
Illumination  intensities  and  temperatures. 

This  data  is  for  a  constant,  usually  a  standard, 
teruiDerature  and  for  the  .same  spectral  distribution 
of  energy  in  the  incident  radiation.  Typical 
silicon  cell  I-V  curves  are  shown  in  Figures  26,  A-2 
and  A-8b.-x 

(2)  Cell  Ka'cimum-]iov;er  onttjut. 

At  a  particular  point  of  each  I--V  curve  the  cell  out¬ 
put  power  determined  by  the  product,  P  =  VI,  is  a 
maximum.  The  maximum  power  points  are  located  in 
Figures  26  and  A*2.  The  maximum  power  outputs  for  a 
ce].l  are  to  be  identified  wltli  the  same  conditions  as 
the  I-V  curves  from  which  they  were  determined,  i.e., 
the  angle  of  incidence,  the  temperature,  and  the 
intensity  and  spectral  energy  distribution  of  radiation. 
At  maximum  power, 

P  =  P  ,  V  ---  V  ,1-1  . 

max  iri].!  mp 

(3)  Temperature  effects  on  P  V  and  I 

max ,  max  max 

Figure  26  shows  a  typical  set  of  I-V  curves  for  various 

temperatures.  In  Figures  27  and  28  maximum  power, 

P  ;  voltage  at  maximum  power,  V  ?  and  current  at 
max  »  mp 


♦Figure  designations  preceded  by  letter  "A"  refer  to  figures 
appearing  in  the  Appendix  to  this  report. 
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I  =  I  (all  for  the  I-V  curves  of  Ilgure  26)  are  plotted  as 
functions  of  temperature.  The  effect  of  temperature  on  cell 
maximum  power  is  usually  presented  as  relative  efficiency  at 
maximum  power,  as,  for  example,  in  ^gures  l4  and  1$  which 
consist  of  the  curves  for  an  e^qperlmental  grldded  "red”  cell 
and  for  a  typical  Hellotek  grldded  "blue"  cell. 

(4)  Effect  of  illumination  intensity  on  cell  maximum  pewer  aatpatf 
maxlmum*.power-point  voltage,  and  efficiency. 

This  data  is  plotted  in  Hgure  A-4  for  experimental  eeUs  AbH«^I2 
and  A-lI-16.  She  I-V  curves  for  these  cells  are  shown  in 
Figure  A  -  2.  Also  shown  in  Figure  A  -  4  is  the  effect  of 
Increased  insolation  f^  three  hypothetical  cells  of  similar 
characteristics  to  the  aforementioned  experimental  cells,  except 
that  the  three  hypothetical  cells  have  series  resistances  of 
0,  0.5  and  1.0  ohms,  respectively. 

(5)  Relative  spectral  response. 

The  relative  spectral  respozme  cinrveB  of  an  experimental 
•grldded  "red"  cell  and  of  a  typical  Heliotek  grldded  "blue" 
cell  are  shown  in  Figures  23  and  24.  The  relative  spec'trsl 
response  Is  denoted  by  R(x)  and  is  defined  as  the  following 
ratio: 

Short  circuit  ctorent  per  unit  Incident  ratlation  intensity 
R(X)  -  per  unit  of  spectaral  bajodwldto.  at  “the  vavelengthj  X. 

Peak  value  of  the  shortnKilrcuit  current  per  unit  incident 
relation  intensity  per  unit  of  spectral  bapdwldth. 
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It  is  assumed  in  the  performance  analyses  in  this  report  that 
slliGon-cell  maximm  power  response  to  a  broad  spectral  band  of 
high  intensity  radiation  is 


P  =  P^ 
max  ^ \max 


where  p. 


\max 


max 


•  R(\)S(\)d\  (1) 

=  solar  cell  ffiaximiun  power  per  unit  of 
spectral  bandwidth  and  per  unit  of 
illumination  intensity  at  X  =  and 

=  X  at  which  R(x)  =  1. 


The  exact  extent  to  Which  Equation  (l)  is  valid  remains  to  be 


investigated  and  determined.  In  support  of  the  supposition 
represented  by  Equation  (1),  it  is  well  known  that  the  maximum 
power  output  to  brOad^band  illumination  is,  except  for  small 
effects  Clue  to  cell  series  resistance,  proportional  to  the  total 
illumination,  as  indicated  in  Figure  A  *  3  (revised).  As 
indicated  in  Figure  A  -  k,  the  maximum  power  voltage  changes 
very  31ttle  with  illmination  but,  as  is  well  known,  the  cell 
short  circuit  current,  I  ,  and  the  cell  maximum  power  current, 
Imp,  are  both  for  cells  with  acceptably  small  series  resistance 
proportional  to  Illumination  intensity. 


The  effect  of  cell  series  resistance  on  I  and  I  ,  as  functions 

max  sc' 

of  cell  illumination,  is  presented  in  Figure  A  3  (revised). 

(The  series  resistances  of  Heliotek  griclded  %lue"  cell.s  are  in 
the  raui^e  O.38  to  O.W  ohm.) 

(6)  Silicon  cell  assembly-  spectral  nci’mr.l  absoi-ptivo  characteristics. 


The  spectral  norma],  absorptance  is  tlie  ratio  of  the  energy 
absorbed  by  the  surface  to  the  energy  incident  upon  it 
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for  normally  incident  radiation  at  any  particular  wavelength. 

The  spectral  ahsorptance  of  the  cell  assembly  is  important 
with  respect  to:  (a)  radiations  for  which  the  cells  yield 
power,  (b)  radiations  which  merely  heat  the  cells,  and  (c) 
ultraviolet  radiations  which  may  damage  the  cell  cover  adhesive. 
Since  the  silicon  cells  are  opaque  in  the  spectral  range  of 
interest,  normal  absorptance  may  be  determined  from  measurements 
of  reflectance.  The  absorptance  and  reflectance,  as  well  as 
the  relative  spectral  response,  are  important  for  angles  of 
incidence  less  than  90“  ih  Some  applications.  Tie  Spectral 
absorptance  of  the  solar  cells  is  closely  related,  physically, 
to  their  spectral  emittance. 

Silicon-cell  assembly  hemispherical  total  emittance. 

Hemispherical  total  emittance  is  defined  as  the  ratio  of; 

(a)  the  total  energy  radiated  at  all  wavelengths  from  a  surface 
to  the  hemisphere  of  Space  surrounding  the  surface,  to  (b) 
the  total  energy  radiated  at  all  wavelengths  by  a  black  body 
at  the  same  temperature.  This  emittance  is  critically  important 
with  respect  to  the  operating  temperature  of  the  silicon  cells. 
For  solar  cells  with  spectradly  selective  absorptance,  the 
spectral  emittance  is  also  selective,  and  thus,  the  hemispherical 
total  emittance  may  vary  somewhat  with  temperature.  The  hemis¬ 
pherical  total  emittance  of  silicon  cell  assemblies  is  measured 
by  existing  techniques.  An  example  of  emittance  measurements  for 
a  Heliotek  gridded  silicon  cell  covered  with  a  Solakote  "B" 
filter  is  presented  in  Figure  29. 

In  addition  to  the  discussion  of  the  serious  effects  of  cell 

series  resistance  on  msocimum  power  output,  the  report  . 

by  M.  Wolf  and  Hans  Rauscbenbach,  "Series 


* 

Reslstanee  Effects  on  Solar  Cell  Measurement also  in¬ 
cludes  a  careful  discussion  of  the  relation  Of  illumination 
intensity  to  the  I-V  curve  and  hence  to  maximum  power  out¬ 
put.  This  relationship  is  Such  that  at  constant  cell  teii®era- 
ture  the  I-V  curves  for  various  intensities  of  illumination 
all  fit  Upon  each  other  (to  a  good  approximation)  when 
shifted^hoth  (a)  vertically,  hy  an  increment  Of  current  due 
to  the  increment  of  illumination,  and  (b)  horizontallj^  by 
a  voltage  drop  due  to  the  increment  of  current  flowing  in 
the  series  resistance  of  the  cell.  An  example  of  I-V  Curve 
shifting  is  shown  in  Figure  30  ;  the  1-V  ciaves  for  the 
Solar  irradiances  100,  ^0,  and  300  mw/cm  ,  which  all  fit 

O 

the  curve  for  kOO  inw/cm  quite  well.  This  method  of  I-V 
curve  shifting  can  be  used  to  determine  the  "light  current" 
auid  to  estimate  cell  series  resistance* 

Phase  2.  Summary  of  Silicon  SOler  Cell  Characteristics  Relative 

to  the  Performance  of  Solar  Power  Systems  with  Radiation 
Filtering  and  Concentration. 

The  following  characteristics  of  silicon  photovoltaic 
cells  are  critically  Inportant  to  the  attainment  Of  high 
performance  of  solar  power  systems  using  concentrated . 
and  filtered  radiation  on  such  cells: 

(1)  Short  circuit  current  spectral  response. 

(2)  Temperature  degradation  of  maximum  power  and  voltage* 

(3)  Spectral  normal,  absorpt^ee* 

(4)  H«nlspherical  total  eMttance. 

Of  course,  high  maximum  spectral  response  occtirring  in  the 
spectral  region  of  high  solar  irradlance  and  small  tem¬ 
perature  degradation  of  maximum  power  will  each  contribute 
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to  hl^  system  performance.  Also,  it  is  highly  iii^oitaixt 
that  the  series  resistance  of  the  cells  he  suitably  small 
so  that  at  high  Illumination  intensities  the  response 
remains  proportional  to  illumination  intensity.  As  the 
power  system  analyses  in  this  report  show,  the  temperature 
degradation  effect  is  a  major  One,  especially  at  the 
hi^  tei^eratures  which  occur  at  high  radiation  intensities. 
“Ihe  spectral  normal,  ahsorptance  is  of  importance  since  it 
is  desirable  that  the  radiation  which  is  converted  to 
power  he  ahsorhed  and  the  radiation  which  would  merely 
heat  the  cell  he  reflected.  Also,  the  hemispherical  total 
emlttance  of  the  solar  cells  should  he  hi^  in  order  that 
heat  may  he  rejected  hy  the  cell  at  favorably  low  tempera¬ 
tures. 

As  a  result  of  the  foregoing  solar  power  system  analyses, 
more  specific  criteria  have  evolved  with  respect  to  solar¬ 
cell  performance  characteristics. 


Task  C .  Filter  PerfomanGe  CharagteristlGs. 

The  system  performance  analyses  of  this  report  consider  the 
"idealized"  filter  as  well  as  filters  which  are  physically 
attainable.  Ideally,  the  filters  should  permit  all  radiation 
Within  a  particular  spectral  band  to  reach  the  cell  faces  and 
should  prevent  all  radiation  outside  this  paSsband  from 
reaching  the  cells.  Under  actual  physical  conditions,  less 
than  this  ideal  will  be  attained.  It  should  be  possible  to 
produce  filters  having  characteristic  curves  corresponding 
to  those  in  Figures  16,  I7  and  18^  As  indicated  in  the 
performance  analyses,  the  performance  of  the  solar  power 
system  is  critically  dependent  on  filter  performance. 

Elementary  considerations  indicate  that  the  best  system 
performance  will  be  attained  in  systems  using  both  filtering 
and  concentration  by  accomplishing  a  major  part  of  the 
radiation  filtering  at  the  concentrator  surfaces.  Additional 
improvement  can  then  be  attained  by  means  of  covers  on  the 
solar  cells.  These  covers  should  be  designed  for  optimum 
performance  specifically  with  respect  to: 

(1)  The  protection  of  the  solar  cells  from  damage  by 
contact  with  other  materials  and  the  atmosphere. 

(2)  The  protection  of  the  solar  cells  from  damage  by 
electron  bombardment  in  space. 

(3)  Hemispherical  total  emittance. 

All  of  the  aforementioned  must  be  attained  without  serious  impair 
ment  of  the  transmission  of  the  radiation  effective  in  yielding 
power  output.  The  production  of  a  filter  on  the  silicon  cells 
>diieh  emits  strongly  in  the  spectral  range  1  to  microns  and 
which  also  reflects  strongly  in  this  range  is  difficult,  if  not 
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impoeslble.  Hovever,  by  designing  the  cell  and  its  filter  for 
emission  and  providing  a  filter  on  the  concentrator  for  the  re¬ 
quired  reflectance 4  both  may  be  accesq>lished .  Since  excellent 
cell  filters  already  exist  vhich  taJce  into  account  the  afore¬ 
mentioned  requirements,  the  studies  discussed  in  this  report  vere 
primarily  concerned  with  the  use  of  filters  on  the  concentrator 
surfa,ces.  Moreover,  reflection  filters  were  considered,  exclusively, 
since  this  type  of  filter  has  better  performance  characteristics 
and  is  more  suitable,  physically,  to  the  optical  arrangement  of 


Section  5 
CONCLUSIONS 

The  employment  of  concentration  and  filtering  of  the  radiation 
incident  oii  the  photovoltaic  cells  of  solar  power  systems  will 
afford  valuable  in$>rovements  in  cost  and  Weight  of  solar  power 
systems.  These  in^rovements  Will  result  from  increased  power 
per  cell,  hut  not  from  increased  power  per  unit  Solar  heam  area. 
The  available  increase  of  power  per  cell  Will  significantly 
reduce  system  cost  and  weight,  however. 

The  next  steps  toward  the  development  of  prototypes  are: 

1.  To  develop  reflecting  filters  on  concentrator  surfaces. 

2.  To  develop  and  apply  adequate  design  and  performance 
methods  to  prototype  designs. 
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Section  6 

OUTLINE  OF  A  PLAN  FOR  FUTURE  WORK 

1.  Fabricate  reflection  filters  on  concentrator  surfaces » 

2.  Bevelop  adequate  methods  of  performance  analysis: 

(a)  Use  test  results  to  define  and  determine  a  valid 
relative  spectral  response  of  solar  cells  including 
temperature  effects - 

(b)  Develop  methods  and  obtain  data  for  computing  cell 
temperatures  in  solar  power  systems  in  deep  space  > 
in  earth  orbit,  and,  in  particular,  on  the  surface 
of  the  earth. 

(c)  Establish  complete,  detailed  mathematical  methods 
for  designing  photovoltaic  solar  power  systems 
which  are  optimiun  for  specified  performance,  cost, 
size  and  weight. 

3.  Design  and  evaluate  prototype  solar  power  systems  for 

particular  applications. 
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Flgur*  17.  ConMntrstor  Filter  for  '^d"  Cells  •  Type  SI  200/82 


Figure  20b.  Power  Output  of  Array  for  Varying  Concentration  Ratios  and  Ideal  Filter 
Band-Pass  Widths  in  the  Cassegraihian  Collector  Configuration  with 
Hellotek  Gridded  "Blue"  Cell  with  "Blue"  Cell  Temperature  Power 
Degradation  Coefficient  =  .004jb^C. 


21.  iPRACnON  OP  TEE  SOLAR  ENERGY  AND  CELL  PO»JER  OUTPUT  OCCURRING  Bi  ^lON  FOUND 
BY  CHOOSIHG  PIDTER  BAND-PASS  LIMITS  AT  ECJJAL  HEIGHT  ON  THE  RESPONSE  CURVE  OF 
the  experimental  GRIDDED  "red"  SILICON  SOLAR  CELL.  MSP,  WHERE  3IS 

THE  iMULTIPLEER  OF  THE  AVERAGE  ABSOLUTE  EFFICIENCY  (AT  THE  REFERENCE:  TE#ERATI 


:ZED  RESPONSE  AND  GOMTLAEEVE  SOiJ®  ED^KJY  AND  PO^  (WTPOT 
BBENTAL  GRIDDED  "RED"  SIIICOR  SOLAR  CELL  AS  A  FRACTiOK  OF 
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Figure  29.  Remlsipherical  Total  Emlttamce  of  Heliotek  Orlddea  ’^lue**  Cell  with  Solakote  "B"  Filter 
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SUMMABY 


Current -voltage  characteristic s  of  photovoltaic  solar  energy  con¬ 
verter  cells  are  obtainable  by  three  methods,  which  yield  different 
results  due  to  the  effects  of  the  cell  internal  series  resistance. 
The  three  resultant  characteristics  are:  (l)  the  photovoltaic 
output  characteristic,  (2)  the  p-n  Junction  characteristic,  and 
(B)  the  rectifier  forward  characteristic.  Choice  of  the  proper 
method  is  necessary  for  obtaining  the  correct  information  for  the 
individual  application. 

Most  freqxiently  used,  e.g.  for  the  determination  of  solar  conver¬ 
ter  performance,  is  the  photovoltaic  output  characteristic.  A 
quick  way  is  described  for  deriving  such  a  characteristic  for  any 
light  level  from  a  corresponding  characteristic  obtained  at  a  dif¬ 
ferent  light  level.  This  method  involves  two  translations  of  the 
coordinate  system  and  requires  only  the  knowledge  of  the  series 
resistance  and  the  difference  in  li^t  intensities  or  short  circuit 
currents. 

An  inversion  of  this  method  permits  eui  easy  determination  of  the 
series  resistsnce,  involving  measiirements  at  two  arbitrary  li^t 
levels  of  unknown  magnitude. 

The  effects  of  series  resistance  consist  at  high  light  levels  in  a 
flattening  of  the  photovoltaic  output  characteristic  and  a  related 
drop  in  the  maximum  power  point  voltage.  The  resultant  decrease 
in  efficiency  has  to  be  overcome  by  series  resistance  reduction  for 
solar  cell  applications  with  optical  concentrators  or  for  space 
missions  in  closer  s\jn-proxlmity.  At  very  high  light  levels,  the 
cell  series  resistance  leads  to  a  deviation  from  the  normal  propor¬ 
tionality  between  short  circuit  current  and  light  intensity;  also 
a  "current  cutoff"  is  experienced  due  to  attaiCBnent  of  open  circuit 
condition  in  a  portion  of  the  cell. 
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fhe  dl^^eet  measurability  of  the  p-n  Junction  characteristic  at  hl^ 
current  densities  vithOfUt  series  resistance  effects  by  the  second 
method  provides  a  powerful  tool  to  the  device  develoianent  engineer^ 

I  besides  yielding  a  Second  method 'for  the  determination  Of  the  series 

resistance.  Besults  from  the  application  of  this  method  indicate 
I  that,  in  the  current  density  range  as  used  in  solar  energy  conversion, 

^  the  silicon  solar  cell  characteristic  is  much  more  closely  described 

^  by  the  diffusion  theory  for  p^a  Junctloas  than  was  previously 

believed. 
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mRODUCTION 

LiJse  all  otheir  kndvm  genexutors  of  electrleeLL  power,  solar  cells 
possess  some  Inteinal  Series  resistance.  This  internal  series 
resistance  is  so  in^rtant  as  td  determine  the  current-voltage 
characteristic  of  most  of  these  power  generators.  This  ls>  how¬ 
ever,  not  the  case  with  the  solar  cells.  Bather  a  p-n  Junction, 
mteztially  contained  in  the  solar  cell,  detexmlnes  the  current - 
voltage  characteristic  of  the  device,  with  the  series  resistance 
contrihuting  only  in  a  secondary  manner.  Nevertheless,  the  in¬ 
ternal  series  resistance  is  of  sufficient  Inportance  as  to  have 
caught  the  attention  of  the  device'  develoinent  engineers,  which 
led  to  its  reduction  through  decrease  of  contact  resistance  and 
through  application  of  grid- shaped  contacts.  Also  the  power 
systems  engineer  concerned  with  the  application  of  solar  cells 
has  to  pay  attention  to  the  cell  series  resistance  for  the  proper 
evaluation  of  cuirent-voltsige  characteristics,  for  the  matching 
of  cells  and  for  the  prediction  of  solar  cell  output  at  differing 
light  intensities.  In  order  to  further  spread  the  Knowledge  about 
the  various  effects  of  the  internal  series  resistance  and  about 
their' proper  Inteir^tatlon,  a  summary  of  the  series  resistaiKe 
effects  on  solar  cell  measurements  and  applications  is  presented 
in  the  following  paragraphs. 

TEE  THREE  CUBREHT-YOLTACgl  CTARACaSBRISTICS  OF  SOLAR  CELLS 
Current -voltage  characteristics  for  solar  cells  cw  and  have  in 
the  past  been  obtained  by  three  different  methods. 

The  most  commonly  used  method  applies  a  fixed  lllygnination,  usually 
of  Imown  intensity,  and  a  resistive  load  which  is  varied  between 
short  Circuit  and  open  circuit  conditions,  while  measuring  the 
voltage  across  the  solar  cell  terminals  and  the  current  out  of 
these  terminals.^^Thls  method  of  meaiaorement  apples  the  solar 


cell  in  its  normal  photovoltaic  mode  of  operation,  and  the  cur¬ 
rent-voltage  characteristic  obtained  in  this  manner  is  therefore 
Called  the  "photovoltaic  output  characteristic."  Figure  la  top 
shows  the  circuit  diagram  for  this  type  of  meas\mrement,  including 
the  generally  applied  equlvaLIent  circuit  diagram  for  the  solar 
cell.^^  3)  ^)sijjce  this  paper  is  primarily  cancemed  with  measure* 
ments  for  applications  of  photovoltaic  cells  at  relatively  high 
current  densities,  effects  of  shunt  resistance  can  be  neglected 
and  are  therefore  not  even  mentioned  In  most  cases  discussed. 

The  following  equation  is  frequently  used  to  describe  the  current- 
voltage  characteristic  obted.ned  by  'this  method: 

This  equation  reproduces  the  obtained  cheoacterlstlcs  sufficiently 
well  for  most  cases.  Since  a  solar  cell  acts  as  a  generator  in 
this  test,  the  current-voltage  characteristic  is  obtained  in  the 
foinrth  quadrant  of  the  current -voltage  plane.  The  quantity  V 
called  the  light  generated  current,  is  proportional  to  the  in¬ 
cident  light  intensity,  if  the  spectral  distribution  of  the  radia¬ 
tion  is  not  varied.  The  magnitude  of  this  current  is  further 
detezmined  by  material  and  geometry  factors  of  the  solar  cell,  but 
is  independent  of  the  current-voltage  chsn’act eristics.  Other  quan* 
titles  of  equ.  (l)  are  the  terminal  current  and  voltage,  I  and  V 
respectively,  and  the  internal  series  resistance  R  ;  I  is  the 
diode  saturation  current  determined  by  material,  properties;  q  and 
k  are  the  electronic  charge  end  the  Boltzmann  constant,  respectively, 
while  T  is  the  ahsoluEte  tmnperature  and  A  a  dimensionless  constant 
between  1  and  but  in  most  solar  cells  near  2.^  to  3. 

The  second  method  tests  the  solar  cell  like  a  diode  without  ap- 
plicatloa  of  any  lUiBalnation;  but  by  sup^Lylhg  DC  power  from  an 
exteziial  blan  supply  (see  Fig.  la  center).  The  euxrent^vQltage 
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chajfaeterlstic  obtained  In  this  manner  Is  therefore  called 
the  "diode  forward  eharacterlstle^"  Again  the  voltage  across 
the  solar  eeH  terminals  and  the  current  into  these  terminals 
are  measured.  The  characteristic  obtained  by  this  method  falls 
Into  the  first  quadrant  of  t^  eurrent«voltage  ]^iane^  It  is 
described  by: 

The  diode  foxvard  characteriatic  differs  from  the  photovoltaic 
output  characteristic  described  by  equ.  (l)  by  the  absence  of 
the  light  generated  current  and  by  the  resulting  positive  di¬ 
rection  of  the  terminal  current  I. 


The  third  method  for  obtaining  current -voltage  characteristics 
from  a  solar  cell  appears  more  sophisticated  than  the  previous 
two.  The  solar  cell  is  again  Illuminated^  but  in  this  case  with 
v^lable  light  intensity.  The  amount  of  the  illumination  does 
not  have  to  be  known.  If  the  value  of  the  light  generated  current 
can  be  determined.  This  condition  Is  fulfilled  vhen  the  mag¬ 
nitude  of  the  cell  series  resistance  is  sufficiently  small  so  that 
the  output  current  I  of  the  device,  when  measured  by  the  photovol¬ 
taic  output  method.  Is  constant  for  all  terminal  voltage  between 
0  and  0.1  volts.  In  this  case  the  measuring  circuit  may  consist 
of  a  switch,  a  high  resistance  volt -meter  and  a  low  resistance 
mllllasqnremeter,  eLrranged  as  shown  in  the  circuit  diagram  (Fig. 
la  bottom).  The  voltage  drop  across  the  mlUlamperemeter  should 
be  less  than  ^0  millivolts  and  the  resistance  In  the  volt-meter 
circuit  more  than  100  kUo-obms.  The  measurement  consists  of 
.determining  the  short  circuit  current,  I  ,  which  under  the  pre- 
seated  conditions  for  every  lif^t  intensity  setting  equals  the 
li^t  generated  current  I^,  urd  the  open  c^ult  voltage  V^,  for 
every  light  intensity  setting,  laeh  pair  of  corresponyng  short 


Slfcult  current  and  open  circuit  volta^  values  la  plotted  as 
one  point  in  the  first  quadrant  of  the  cvurrent-voltage  plane, 
^^ou^  the  variation  of  the  ll^t  Intensity^  a  succession  of 
such  points  is  Obtained  which  presaoits  the  desired  current -voltage 
Gharacterlstlc.  A  method  vexy  similar  to  the  one  described  here 
was  first  applied  by  fieeger  and  Nlsb'et  for  the  matchl]^  of  solar 
ceils^]  and  was  again  iised  Independently  from  the  Investigations 
described  later  In  this  paper  for  similar  studies  by  Quelsser.^^ 
Should  at  higher  light  intensities  the  condition  of  flatness  of 
the  photovoltaic  output  characteristic  near  zero  voltage  not  be 
fulfilled,  then  the  light  intensity  will  have  to  be  measured  In¬ 
dependently,  its  value  expressed  In  equivalent  light  generated 
current,  and  In  this  form  entered  Into  the  graph.  The  measure¬ 
ment  of  ll^t  Intensity  can  be  performed  by  means  of  a  more 
suitable  solar  cell,  or  of  other  photometric  devices.  The  cur¬ 
rent-voltage  characteristic  obtained  by  this  method  Is  described 
by  equ.  (3): 


It  is  derived  from  equ.  (l)  for  the  photovoltaic  output  charac¬ 
teristic  by  setting  I  »  0  and  repleuslng  V  by  the  open  circuit 
voltage  In  this  case  the  term  containing  the  internal  series 
resistance  vanishes.  The  resultant  ei^resslon  Is  identical  to 
that  for  the  diode  forward  characteristic  except  for  the  absence 
of  the  series  resistance  term. 

Figure  lb  shows  the  current-voltage  characteristics  obtained  on 
the  same  solar  cell  by  applying  the  three  methods  described.  A 
translation  I'  =  I  +  Ij^  has,  however,  been  applied  to  the  photo¬ 
voltaic  output  characteristic  in  order  to  move  it  into  the  finst 
quadrant  of  the  current-v<Atage  plane  and  to  make  It  pass  throu^ 
the  origin  of  this  plane,  thus  facilitating  cGaparison  with  the 


other  two  chiraGteristlcs.  The  ohserved  differences  between  the 
three  characteristics  are  readily  understandable  from  the  pre¬ 
vious  description  of  the  three  methods  for  their  generation.  In 
the  photovoltaic  output  characteristic,  a  ctirrent  is  generated 
intefiially  in  the  cell,  giving  rise  to  a  voltage  across  the  p-n 
Junction  in  the  forward  bias  direction  end  causing  current  flow 
through  this  p-n  junction.  The  difference  in  current  between  the 
light  generated  current  and  the  forward  current  through  the  p-n 
junction  flows  through  the  device  terminEds,  but  also  results  in 
a  voltage  drop  across  the  internal  series  resistance.  The  measured 
terminal  voltage  is  therefore  smaller  than  the  voltage  across  the 
p-n  junction  by  the  amount  of  this  c-oltage  drop.  In  the  diode  for¬ 
ward  characteristic,  the  current  is  supplied  from  an  extenial  power 
supply,  not  using  the  internal  generator.  All  of  the  cxirrent 
passing  the  solsir  Cell  terminals  flows  through  the  p-n  junction,  but 
it  passes  the  internal  series  resistance  in  the  opposite  direction 
than  it  does  in  the  case  of  the  photovoltaic  output  characteristic. 
Therefore  the  voltage  across  the  p-n  jiinctlon  is  smaller  than  the 
teiminal  voltage  V.  In  the  p-n  junction  characteristic  finally 
a  case  is  obtained  in  which  the  effect  of  the  internal  series  re¬ 
sistance  is  eliminated.  In  the  open  circuit  voltage  condition, 
the  terminal  voltage  is  identical  to  the  voltage  existing  across 
the  p-n  junction,  while  the  short  circuit  current  measures  the 
liglit  generated  ciuTent  directly  as  long  as  the  voltage  drop 
across  the  internal  series  resistance  is  sufficiently  small  as 
to  cause  only  a  negligibly  small  current  to  flow  throu^  the  p-n 
junction  in  the  forward  direction. 

Tlie  cun'cs  of  Fig.  lb  substantiate  this  explanation.  The  photo¬ 
voltaic  output  characterise  c  e^ditbits  tezminal  voltages  which 
are  smaller  than  those  of  the  p-n  Junction  characteristic  by  the 
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voltage  di'of  over  the  internal  series  resistance  caused  hy  the 
eurrent  flowing  through  this  part  of  the  circuit.  Conversely, 
the  diode  forward  characteristic  e^iblts  voltage  values  higher 
than  those  of  the  p^n  Junction  charaeterlstie  hy  the  voltage 
drop  caused  hy  the  current  flow  throu^  the  internal  senes 
resistanee^ 

^e  foregoing  discussiDns  also  outline  the  range  of  application 
for  the  differait  types  of  characteristics.  Whenever  the  per* 
formance  of  a  Solar  cell  as  a  photovoltaic  energy  converter  iS 
concerned,  be  it  for  the  determination  of  its  power  output,  for 
the  matching  of  different  soIeut  cells  into  a  system,  or  for  the 
extrapolation  of  the  cell  output  from,  one  Intensity  level  to  a 
different  one,  then  One  has  to  use  the  photovoltaic  output  char* 
acteristlc.  If  the  character! Stic  of  the  p-n  Junction  itself 
is  to  be  studied,  then  the  p*n  Junction  characteristic  obviously 
has  to  be  obtained.  If  the  solar  cell  is  to  be  used  as  a  pas* 
slve  device  and  its  performance  without  illumination  is  to  be 
studied,  then  the  diode  forward  characteristic  has  to  be  taken. 

3.  THE  EtyiilCT  OF  gERHlS  HE^ISTAUCB  ON  'Pm*!  WPrrJCTiQiBjHTV  BEIfnraRW 
SHORT-CIRCUIT  CTOREHT  AHD  LiGaT  IRMSITY 

The  light  generated  current  is  proportional  to  the  intensity 
of  the  incident  radiation  up  to  e^remely  hi^  li^t  intensities. 
Nunerous  measurements  undertaken  In  order  to  check  this  relation* 
ship  appeared  to  show  deviations  at  light  Intensities  orders  of 
magnitude  below  those  where  deviations  can  be  e^gpected*  These 
supposed  deviations  were  caused  by  the  effect  of  the  series  re* 
sistance  on  the  short  clrci^t  current  which  had  been  measured 
instead  of  the  light  generated  current.  Such  a  sid>stitution 
can  properly  be  made  on  Ideal  solar  cells  with  zero  series  re* 
sistance,  and  on  real  solar  cells  at  Buffielsntly  low  llcd^ 


IZLtexuiitles  only.  At  light  Intensities  high  enough  so  that  the 
pfoduct  of  .Intexnai  Series  resistance  and  terminal  current  ex¬ 
ceeds  250  mlllli^tj  the  shcurt  circuit  current  can  no  longer  he 
considered  Identical  to  the  light  generated  current. 

Figure  2  Illustrates  this  fact  on  the  photovoltaic  outpnt  char¬ 
acteristics  of  two  different  solar  ceUs  taken  at  five  values  of 
solar  Irradiance  hetveen  50  mlUlvatts  cm  and  400  mlUlvatts 
cm  «  One  of  these  solar  cells  is  a  grldded  solar  cell  with  a 
aeries  resistance  of  .3S  otamS,  while  the  other  Solar  eeH  IS  a 
nongrldded  cell  having  a  Series  resistance  of  about  3  •  5  ohms . 
low-series  resistance  cell  exhibits  rather  square  character- 

r\ 

istics  up  to  400  milliwatts  of  solar  Irradiance,  with  the 
tejmlnal  current  staying  constant  for  variations  of  the  teimlnal 
voltage  from  0  to  200  mlUl volts.  This  means  that  the  short  cir¬ 
cuit  current  is  Identical  to  the  light  generated  cvirrent  throu^out 
this  Irradleuice  range.  The  hlgh-serles  resistance  cell,  however,. 
eXtilbits  successively  more  rounded  characteristics  at  Increasing 

light  intensities,  and  the  short  circuit  current  deviates  from 

_2 

the  light  generated  current  already  at  200  mlUlwattB  cm  of 
solar  Irradiance.  At  larger  values  of  solar  Irradiance ,  the  ter¬ 
minal  current  does  not  reach  Its  maximum  value  at  zero  terminal 
voltage,  but  continues  to  Increase  with  Increasing  negative  ter¬ 
minal  voltages,  until  It  finally  reaches  Its  maximum  value  and 
equals  the  ll^t  generated  current.  The  photovoltaic  output 
characteristic  can  readily  be  extended  Into  the  third  quadrant 
of  the  e\uTsnt«voltage  plima.  If  the  resistive  load  Is  provided 
by  an  external  source  vblbh  permits  the  alnultaneous  application 
of  negative  voltagsi. 
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Figure  3  presents  a  plot  of  the  short  circuit  current  as  a 
function  of  solar  ixTadlsnce  for  the  two  eeHs  used  for  the 
measurements  presented  in  Fig*  2.  This  plot  shows  that  the 
low  Series  resistance  cell  exhibits  a  linear  relationship  be¬ 
tween  short  circtdit  euzrent  and  solaut  irradieuice  up  to  UdO  mllli- 
watts  cm“^  which  is  identical  to  four  times  the  maacimum  solar 
irradlance  reached  at  the  earth's  surface  at  sea  level  at  noon 
time  on  a  clear  day.  The  ^caph  also  shows  the  considerable 
deviation  from  linearity  for  the  solar  cell  withthe  high  in¬ 
ternal  series  resistance. 


The  foregoing  discussion  emphasizes  the  caution  which  has  to  be 
used  in  the  application  of  the  short  circuit  current  of  a  solar 
cell  for  light  metering  purposes  at  high  light  intensities.  The 
amount  of  internal  series  resistance  in  the  cell  has  to  be  de¬ 
termined  and  the  region  of  deviation  frcxm  the  linearity  be 
established  before  a  cell  can  be  confidently  applied  for  such 
purposes. 


4. 

PEKFOBMAWCE 

The  curves  of  Fig.  2  indicate  that  the  internal  series  resis¬ 
tance  can  severely  affect  the  perforiMuace  of  photovoltaic 
cells  as  solar  energy  cCTiverters.  The  Tnaxlmum  power  output 
of  a  solar  cell  is  given  by  the  area  of  the  largest  rectangle 
that  can  be  drapi  inside  the  photovoltaic  output  characteristic. 
The  area  of  such  a  rectangle  increase  a  with  increasing  "sharp- 
ness"  of  the  Imee  in  the  photovoltaic  ouput  characteristic. 
Interari  series  resistance  causes  a  successively  larger  "rounding" 
of  the  characteristic  at  inereaBing  light  Intensities.  Solsr 
woii  a  arc  ttoxnall/  dealgBed  for  beet  pexfoxBHoee  at  radiation 


Intensities  as  obtained  at  the  earth's  surface.  Such  cells  may  there- 
foxe  not  give  optimum  performance  at  Increased  li^t  intensities  as  may 
be  encountered  in  space  vehicle  applications  In  closer  proximity  to  the 
sun  or  in  the  use  of  solar  cells  combined  vith  radiation  concentrating 
devices. 

Figure  U  presents  three  sets  of  curves,  calculated  for  a  solar  cell  with 
=  6.9  X  10"^^  amp,  =  5.5  X  10"^  amp,  and  ^  =  38.6  Volt  and 
with  assumed  internal  series  resistance  values  of  0,  0.^  and  1.0  ohms. 

The  curves  give  the  maximum  power  output  Into  a  matched  load,  the  maxi¬ 
mum  power  point  voltages  and  the  eff:J.clencies  for  values  of  solar  irrad- 
lance  between  50  and  350  milliwatts  per  square  centimeter.  The  zero- 
resistance  solar  cell  shows  monotonously  Increasing  power  output  with 
increasing  light  intensity.  Finite  values  of  the  series  resistance  cause 
the  maximum  power  output  to  increase  less  rapidly  at  the  higher  light 
Intensities*  This  effect  becomes  progressively  larger  with  increasing 
series  resistance  and  light  intensity. 

The  maximum  power  point  voltage,  which  steadily  increases  with  increas.^ 
Ing  light  intensity  for  the  zero-series  resistance  cell,  stsurts  to 
decrease  at  higher  light  Intensities  for  the  cell  with  0.5  ohms  series 
resistance,  and  shows  ceatlnuoas  and  larger  decrease  at  a  series  resist* 
ance  value  of  1*0  ohm  through  the  intensity  range  of  50  to  too  sM  cm  . 
The  maximum  power  point  voltage  which  steadily  increases  with  light 
intensity  for  the  zero-series  resistance  cell  starts  to  decrease  at  the 
higher  ll^it  Intensities  for  the  cell  with  0.5  ohms  series  resistance, 
and  shows  a  cantinuous  drop  at  a  series  resistance  v^uie  of  1.0  ohm. 

The  dotted  curves  in  Figure  4  present  the  conversion  efficiency.  The 
curve  for  the  zero-series  resistance  cell  hows  a  monotonous  rise  toward 
the  hlfdier  solar  Izradlance  values  vUle  the  curves  for  the  0*5  hdd  the 
1*0  olBB  eelLs  esdiibit  pgco{peeasive  efficiency  decreases  toward  the  higher 
Ught  iBtfiisities* 


Also  presented  in  Figure  4  are  experimental  Gurves  o'btained  on 
two  solar  cells  with  O.38  and  3*5  ohms  series  resistance,  respec¬ 
tively.  It  is  interesting  to  note  that  the  shape  of  the  experimen¬ 
tal  cnrve  for  the  O.38  ohm  cell  fits  perfectly  into  the  system  of 
the  theoretical  curves  althou^  .its  absolute  values  are  somewhat 
lower  due  to  deviations  of  Other  device  parameters  from  those 
assumed  for  the  theorectical  evaluation.  The  information  presented 
in  this  paragraph  leads  to  the  conclusion  that  for  high  power  output 
and  high  efficiency  at  high  light  intensities,  and  for  a  minimum 
change  of  the  maximum  power  point  voltage  with  increasing  light 
intensities,  solar  cells  With  progressively  smaller  internal  series 
resistance  will  have  to  be  selected  or  be  Specifically  developed. 


5.  A  METHOD  FOR  TSB  PlEDICTIOM  OF  TES  PHOTOYOLTAIC  OUTPUT  CHAMCTEBISTIC 
FOR  DIFFEHEM  LIC2iT 

The  photovoltaic  output  characteristic  as  described  by  egu.  (l) 
permits  an  easy  prediction  of  the  corresponding  current  voltage 
•  characteristic  for  a  given  li^t  level  which  differs  from  the 
one  at  which  the  original  characteristic  has  been  measured. 


In  the  case  of  the  solar  cell  with  zero-series  resistance,  the 
exponent  of  equ.  (l)  contains  only  the  independent  variable,  that 
is  the  terminal  voltage.  For  any  fixed  light  level  only  the  ex¬ 
ponential  term  is  variable  on  the  ri^t  hand  side  of  equ.  (l) . 

Any  change  in  the  li^t  intensity  enters  then  into  the  relation¬ 
ship  throu^  the  light  generated  current  Ij^.  A.  change  in  the 
li^t  intensity  results,  at  constant  terminal  voltage  Y,  in  a 
change  of  the  terminal  current  I  equal  to  the  cliffe^enoe  of  the 
li^t  generated  curreuts  4^*  This  means  that  the  shape  of  the 
curve,  which  is  determined  by  the  exponential  term,  is  invariant 
with  respect  to  li^t  intensity.-  The  mathematical  derivation  for 
this  is  presented  in  Appendix  A  of  this  paper.  The  photovoltaic 
output  curve  for  a  different  value  of  li^t  intensity  can  readily 
be  obtained  by  translating  the  original  curve  parallel  to  the 


-10- 


ordinate  of  the  IV  coordinate  system  by  an  amount  eq.ual  to  the  differ¬ 
ence  in  the  light  generated  currents,  which  Is  proportionate  to  the 
difference  of  the  light  Intensities. 

The  method  outlined  in  the  previous  paragra;^  la  valid  for  solar  cells 
with  small  values  of  series  resistance  or  at  sufficiently  low  light 
levels  so  that  the  effects  of  the  series  resistance  can  be  neglected. 

This  is  es^ressed  In  the  condition  that  the  product  IB^  has  to  be 
negligibly  small  COo^ared  to  the  terminal  voltage  V.  If  this  condi¬ 
tion  is  not  fulfilled,  then  a  second  translation  parallel  to  the  abscissa 
has  to  be  performed  on  the  photovoltaic  output  characteristic  for  the 
transformation  to  a  second  light  intensity.  The  second  translation 
consists  in  a  decrease  of  the  termlned.  voltage  by  an  amount  equal  to 

the  product  of  the  internal  series  resistance  R  and  the  difference  In 

8 

the  light  generated  currents,  AI^.  A  formal  derivation  for  this  case 
Is  also  given  in  Appendix  A. 

For  a  change  of  the  photovoltaic  output  characteristic  from  the  light 
intensity  with  the  light  generated  current  Ij^  to  the  llc^t  inten¬ 
sity  Lg  genermtlng  the  current  1^,  the  two  translations 

and 

'^2  -  5) 

have  therefore  to  be  performed.  Since  I^  is  proportional  to  the  light 
intensity  I^  ■  CL,  AI^  cem  be  expressed  throu^  relationship  between 
the  li^t  Intensltlea; 

^  c(Lg  -  L^)  6) 

Since  Ij^  can  be  readily  obtained  from  the  photovoltaic  output  charac- 
terlstlCfmeasuxed  at  light  Intensity  L^,  AIL  Is  more  conveniently 
related  to  the  difference  in  light  intensities  throu^  the  form: 

T) 

A  previously  e^^ressed  ziote  of  caution  in  the  substitution  of  the  short 
circuit  current  I  for  ll^t  generated  cwrent  I.  at  high  light 

8C  M 

intensities  or  large  value  of  series  resistanee  staould  be  observed. 


Figure  ^  illustrates  the  two  translations  of  the  coordinate  system  toi 
he  perfoimed  hy  going  from  a  light  intensity  at  which  the  phOto« 
voltaic  output  characteristic  has  been  measiored,  to  a  higher  light 
intensity  at  which  this  chsaiacteristic  is  desired  to  he  hnovm. 

Figure  6  presents  experimental  data  to  demonstrate  the  corTCCtness  of 
this  procedure.  The  photovoltaic  output  characteristics  from  Figure  2 
for  the  low  series  resistance  solar  cell,  measured  at  five  different 
light  levels  between  50  and  400  mW  cm  ,  sure  reproduced  in  Figure  6. 
lifter  performing  the  translatlone  of  the  coordinate  system  for  the  four 
photovoltaic  output  c\irves  obtained  at  the  lower  light  intensities  to 
the  UOO  mW  cm  level,  they  are  found  to  all  fall  on  top  of  each  other 
as  veil  as  on  the  experimental  curve  for  this  Intensity.  The  experi¬ 
mentally  obtained  curves  are  given  in  solid  lines,  while  the  trans¬ 
formed  curves  are  presented  by  squares,  circles,  and  triangles,  corres¬ 
ponding  to  the  different  original  intensities. 

6.  A  METHOD  FOR  THE  DETEEMINATIOH  OF  THE  IMTERNAL  SEKEBS  RESISTANCE 

An  inversion  of  the  method  described  in  Section  5  permits  the  easy  and 
acc\irate  determination  of  the  internal  series  resistance  of  any  solar 
cell.  For  this  purpose  the  photovoltaic  output  characteristic  has  to 
be  measured  at  two  different  light  intensities,  the  magnitudes  of 
which  does  not  have  to  be  loiown.  The  two  characteristics  are  trans¬ 
lated  against  each  other  by  the  amounts  and  x  Rg  in  the  y-  and 
the  x-direction,  respectively.  Two  corresponding  points  on  the  two 
characteristics  show  a  displacement  with  respect  to  each  other,  which 
is  identical  to  the  two  translations  of  coordinate  systems.  The 
displacement  parallel  to  the  ordinate  gives  the  valtie  of  AIl*  Since 
the  displacement  parallel  to  the  abscissa  equals  value  of 

the  internal  resistance  Rg  is  readily  obtained. 

One  practical  approach  to  this  procedure  is  to  choose  an  arbitrary 

interval  AX  from  the  short  circuit  current  1  which  determines  the 

sc 

first  characteristic.  It  Is  frequently  found  convenient  to  choose  AI 
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SO  as  to  obtain  a  point  in  or  near  the  Knee  of  the  characteristic.  The 
same  AX  value  is  used  for  the  finding  a  second  corresponding  point  on 
the  second  charsieterlstle.  kn  Illustration,  of  the  procedure  Is  presented 
in  Fig.  7.  , 

(7) 

This  method  was  first  s\:^e6ted  in  i960  hy  Swanson. '  ‘ ' 

7.  EXFOTmALLY  rouro  FBOM  THE  KMITO  COKSTAKT  MODEL 

It  has  been  fowiid  that  the  measured  current -voltage  characteristics  of 
many  solar  cells  cannot  be  very  accurately  described  by  the  equivalent 
circuit  model  of  Fig.  1  and  by  equ.  (l).  These  deviations  have  been 
found  to  be  due  to  two  separate  effects:  one  involving  the  p-n  Junction 
characteristic^  and  the  other  the  internal  series  resistance.  The 
effect  involving  the  p-n  Junction  characteristic  will  be  discussed  in 
Section  8,  while  in  this  section  attention  will  be  directed  to  the 
effect  of  the  internal  series  resistance. 

If  the  model  discussed  in  the  previous  sections  is  valid,  then  the 
same  value  of  internal  series  resistance  Rg  will  be  obtained  by  appli¬ 
cation  of  the  method  described  in  Section  6,  independent  of  the  chosen 
value  of  AI.  Also,  a  sequence  of  photovoltaic  output  characteristics 
obtained  at  different  light  levels,  and  transformed  to  az^  one  of 
these  curves  by  the  method  described  in  Section  5  will  show  perfect 
agreement  between  the  individual  curves  as  illustrated  in  Fig.  6. 

Equality  of  the  series  resistance  values  obtained  from  different  parts 
of  the  characteristic,  and  agreement  between  transformed  curves  is, 
however,  not  found  on  all  solar  cells  measured.  The  high  series  resist* 
ance  cell  A-N’-16  used  for  obtaining  data  for  Pig.  2  through  4  shows 
such  deviations.  TUese  observations  are  not  only  made  on  cells  with 
high  internal  series  resistance,  although  the  deviations  found  in  low 
series  resistance  cells  generally  substantially  smaller. 

Fig.  8a  prcents  two  curves  obtained  on  a  low  series  resistance  gridded 
solar  cell  at  two  different  light  intensities.  Marked  in  this  figure 
are  the  series  resistance  values  obtained  at  different  portions  of  the 
characteristics.  These  values  range  from  0.9  to  0.7  ofagu.  It  has  been 


obsexved,  that  the  limits  of  the  range  of  series  resistance  values  are 
rather  Independent  of  the  amount  of  light  Intensity  and  of  the  differ¬ 
ence  In  light  Intensities  used  for  this  evaluation,  except  foj:  the  fact 
that  at  high  light  Intensities  a  different  portion  Of  the  curve  can  he 
evaluated  which  is  not  avallahle  at  the  low  intensities.  This  is  demon¬ 
strated  hy  the  data  contained  in  fahle  I,  which  Weze  obtadned  on  cell 
A-G-1^3. 

The  reasons  for  the  deviations  are  to  he  found  in  the  physical  configu¬ 
ration  of  the  solar  cell.  Major  contributions  to  the  internal  Series 
resistance  come  from  the  sheet  resistance  of  the  p-layer,  the  hulk 
resistance  of  the  n-layer,  and  the  resistance  between  the  semiconduct¬ 
ing  material  and  the  metallic  contacts.  While  the  contEUit  series 
resistance  can  properly  he  represented  hy  a  lumped  resistance,  the  sheet 
resistance  and  the  hulk  resistance  are  distributed  throughout  the 
device.  Fig.  9  shows  the  transition  from  the  physical  configuration 
of  the  solar  cell  to  the  distributed  constants  model.  The  cell  is 
Imaginarily  divided  into  many  elements,  each  one  contaloing  a  p-n  Junc¬ 
tion,  which  acts  as  a  source  and  a  shunting  diode  simultaneously. 

These  Junction  elements  are  Inter-connected  hy  the  distributed  resist¬ 
ances.  This  model  was  studied  in  19^6  hy  the  first  author  as  the 
proper  representation  for  the  current  flow  and  voltage  distribution 
In  a  solar  cell,  hut  has  been  dlscasrded  because  of  the  enozmous  com¬ 
plexity  of  Its  evaluation.  A  similar,  slightly  simplified  model  has 
been  proposed  by  Wysocki,  Loferski  and  Bappaport  In  1960,®^  but  was 
apparently  also  not  evsluated*  Because  of  the  rather  small  values  of 
Internal  series  resistance  encountered  In  the  modern  grldded  solar 
cells,  an  Intermediate  mo^l  la  proposed  here.  It  represents  the  ziext 
refinement  step  from  the  limped  constants  model  of  Fig.  1.  Instead 
of  dividing  the  cell  Into  many  elements.  It  apllts  the  solar  cell 
Into  two  eq.ual  parts  and  adds  the  bulk  resistance,  the  contact  resist¬ 
ance,  and  a  portion  of  the  sheet  resistance  Into  a  lumped  element 
next  to  the  terminal.  The  other  portion  of  the  sheet  resistance  Is 
placed  In  the  connection  between  the  two  parts  of  the  cell.  The  ratio 
between  the  values  of  the  two  resistance  elenents  has  haen  found  to 
vary  hetween  individual  cells. 
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Fig.  11  presents  the  p-n  Junction  characteristic  of  a  Silicon  solar  cell 
obtained  by  the  third  method  described  in  Section  2.  It  also  presents 
theoretical  points  obtained  by  the  lumped  constants  model  according 
to  Fig.  la.,  and  by  the  improved  luisped  constants  model  of  Fig.  9* 

Also  presented  is  the  experimentally  obtained  photovoltaic  output 
characteristic  which  demonstrates  good  agreement  between  the  experi¬ 
mental  data  and  the  ii^roved  lumped  constants  model.  A  resistance 
ratio  of  9  to  1  has  been  found  to  be  appropriate  for  the  cell  eval¬ 
uated  for  this  figure. 

8.  APPLICATION  OF  THE  P-H  JOMCTIOM  CHABACTERISTIC  FOR  DEVICE  STUDIES 

The  diode  forward  characteristic  has  long  been  used  for  the  investi¬ 
gation  of  device  parameters  like  the  saturation  current,  the  constant  A 
in  the  exponent  of  the  diode  characteristic,  the  temperature  dependence 
of  these  characteristics,  emd  for  the  interpretation  of  the  physical 
mechanism  causing  the  observed  device  behavior.  The  p-n  junction  char¬ 
acteristic,  described  as  method  3  in  Section  2,  provides  a  very  useful 
supplement  to  the  diode  foiward  characteristic  for  such  studies.  The 
useftilness  of  the  p-n  junction  characteristic  stems  from  the  severe 
effect  which  the  sezles  resistance  has  on  the  diode  forward  character¬ 
istic  at  high  injection  levels^  and  which  is  not  present  in  the  p-n 
junction  characteristic. 

At  svifficlently  low  injection  levels  where  series  resistance  effects 
become  negligible  the  two  chsn^teristics  become  identical.  Fig.  10 
contains  a  diode  forward  cheiracteristlc  and  a  p-n  junction  character¬ 
istic  obtained  at  23®  C  on  the  gridded  solar  cell  A-N-12  which  was  used 
for  the  previously  described  measurements.  The  graph  shows  excellent 

agreement  obtained  between  the  two  different  methods  at  injection  levels 
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below  10  Amp  on  the  2  cm  cell.  Experimentally  obtained  points  of  the 
p-n  juinction  characteristic,  given  by  circles  superimposed  on  the  also 
experimentally  obtained  diode  forward  characteristic  which  is  presented 
by  the  solid  curve,  demonstrate  this  agreement  •  Above  2  x  10  ^  operas, 
however,  divergence  between  the  two  curves  is  ohserved.  The  difference 


"between  the  p-n  junction  characteristic  and  the  diode  forward  character-^ 
istic  at  hi^  injection  levels  corresponds  to  a  series  resistance  of 
0.33  ohms,  which  differs  from  the  O.38  ohms  value  obtained  from  the 
photovoltaic  Output  characteristic  according  to  Section  6. 

Evaluation  of  the  reverse  characteristic  yields  a  shunt  resistance 
value  Of  13.8  kilo  ohms,  and  a  saturation  current  »  6.5  x  10  ^  Amp. 
^e  current  conducted  throu^  such  a  shunt  resistance  is  shown  in 
Fig.  10  by  the  Curve  marked  "I  =  By  subtracting  the  c\irrent  con¬ 

ducted  through  this  shunt  resistant^  from  the  current  values  of  the 
diode  forward  characteristic,  a  new  curve  is  obtained  which  deviates 
from  the  experimentally  obtained  characteristic  at  the  low  injection 
levels.  The  curve  thus  obtained  is  the  true  p-n  jvinction  character¬ 
istic  without  resistive  shiint  effects.  -The  curve  is  matched  by  a 

diode  equation  of  the  form  of  equ.  (2)  with  a  saturation  cvirrent 
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Iq  =  5*5  X  10  Amp  and  constant  A  =  2.86  at  a  device  temperature  of 
296*  K.  At  the  hl^  injection  levels,  however,  a  deviation  from 
the  exponential  is  observed.  This  deviation  is  in  the  diode  forward 
characteristic  partially  hidden  by  the  effect  of  the  series  resisteuace, 
but  can  be  clearly  observed  and  evaluated  from  the  p-n  Junction  char¬ 
acteristic. 

The  p-n  junction  characteristic  at  hi^  injection  levels  asymptoti¬ 
cally  approaches  a  second  exponential  cxirve  which  in  the  semi -log  plot 
of  Fig.  10  is  represented  by  a  straig^jt  line.  The  transition  region 
between  the  two  pure  exponential  portions  of  the  curve  is  very 
accurately  described  by  the  sum  of  the  two  exponential  terms.  It  is 
interesting  to  note  that  on  all  solar  cells  thus  investigated,  the 
second  exponential  term  has  an  A  value  of  1  and  saturation  currents  of 

-12  -11  p 

10  to  10  anq>ere8  for  the  2  cm  junction.  Such  values  are  to  be 
expected  from  a  device  following  the  carrier  diffusion  theoxy  of  a 

9) 

p-n  junction  as  described  by  Shockley. - 


Also  shown  in  Fig.  10  is  a  diode  forward  characteristic  obtained  on 
the  same  cell  at  a  device  temperature  of  417*  K.  At  the  high  injection 
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level  a  series  resistanee  voltage  drop  eorrespo&ding  to  the  series 
resistance  value  of  0.33  ohms  was  found  in  the  room  temperature  curves 
This  voltage  drop  was  subtracted  fron  the  diode  forward  characteristic 
and,  again,  was  found  to  lead  to  a  good  match  to  the  p-n  Junction  char« 
acteristic.  very  highest  current  values,  which  were  obtained  by 
the  diode  forward  method  only,  a]^ar  too  hi|^,  probably  due  to  thermal 
rtmaway  dTiring  the  measurements. 

The  resultant  characteristic  for  the  p-n  Junction  at  it'lT*  K  can  also 
be  best  described  by  the  super-position  Of  two  exponential  terms. 

Like  in  the  room  temperature  case,  the  curve  approaches  asymptotically 
the  exponential  represented  by  a  straight  line  in  the  semi-log  plot 
at  the  high  injection  levels,  while  the  transition  region  IS  accurately 
described  hy  the  sum  of  the  two  exponentials. 

The  remarkable  finding  is,  that  the  exponential  for  the  higher  injec¬ 
tion  levels  has  the  constant  A  =  1.  Using  the  csurrler  diffusion 
theory  for  p-n  junctions  as  described  by  Shockley,  and  the  experimental 
value  for  1^  =  3*3  x  10  amp  at  296*  K,  one  arrives  at  a  saturation 
current  =  8  x  10"^  amp  for  the  same  Junction  at  417*  K.  This  is  in 
very  good  agreement  with  the  experimental  finding  of  7  x  lO”^  amperes. 

While  extremely  good  correlation  between  the  p-n  Junction  character¬ 
istic  at  high  injection  levels  and  the  carrier  diffusion  theory  for 
p-n  Junction  behavior  could  repeatedly  be  established,  no  correlation 
to  a  theoretical  behavior  could  be  found  for  the  lower  injection  level 
part  of  the  characteristic.  A  considerable  spread  of  values  for  the 
constant  A  and  for  the  saturation  counrent  were  found  for  the  lower 
injection  level  exponential..  Still  more  non-tmlfoimity  was  observed 
in  the  temperature  dependence  of  this  portion  of  the  curve.  Since  no 
pattern  could  yet  be  established  in  these  findings,  a  hypothesis 
shall  not  be  advanced  for  the  ptayslcsiL  nature  of  the  characteristics 
at  the  lower  cuxxsmt  levels. 
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foregoing  discussions  lead  to  a  replacement  of  equ.  (1)  by  the 
following  form: 

^  “  ^01  ^  ^02  i®^  ^  "hj 

with  A  =  A(t) . 

According  to  this  description,  a  new  equivalent  circuit  diagram  evolved 
containing  two  separate  forward  biased  diodes  connected  In  parallel. 
This  new  model  resembles  one  advanced  earlier  by  Watson.  Watson, 

however,  assigned  Identical  exponents  to  both  Junctions,  and  described 
only  a  relatively  small  difference  In  the  saturation  currents.  A 
separation  of  the  two  p-n  junctions  by  the  series  resistance  IS  not 
necessary,  because  the  p-n  jimction  characteristic  alone  exhibits  the 
property  of  the  super-position  of  the  exponentials,  and  at  high  In¬ 
jection  levels  where  the  series  resistance  becomes  most  effective 
the  characteristic  Is  dominated  by  only  one  of  the  two  ej^nentisJa . 

The  knee  of  the  I-V  characteristic,  however,  Is  most  heavily  affected 
by  the  transition  region  between  the  two  exponentials.  This  is  demon¬ 
strated  in  Fig.  U  which  shows  an  ej^nential  curve  with  A  =  1  and 
lo  »  1.6  X  lO”  Amp  together  with  the  experimentally  obtained  p-n 
junction  characteristic  for  cell  A-G-43.  In  the  portion  of  the 
characteristic  nearer  the  ox)en  circuit  voltage  point,  which  is  the  hlf^ 
Injection  region,  close  approximation  between  the  two  curves  can  be 
noticed.  In  the  knee  of  the  curve,  however,  which  falls  Into  the 
transition  between  the  two  esQionentials,  the  e^qperinental  curve  appears 
much  more  rounded  thsui  the  single  exponential  with  A  =  1.  In  the  part 
of  the  curve  approaching  the  short  circuit  current,  the  difference 
between  the  two  exponentials  Is  iu?t.  eoncemable  because  of  the  scale 
of  the  plot. 

The  sum  of  two  exoponentlals,  for  which  the  saturation  ciurrents  and  A- 
values  have  been  obtained  from  a  sesd-lpg  plot  for  cell  A-G-43  similar 
to  Fig.  10,  has  been  calculated  and  Its  results  are  svperimposed  on  the 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

f 

i 

fl 


experimentally  obtained  p-n  function  characteristic,  lllustra.tlng  the 
good  agreement. 

Finally,  the  photovoltaic  output  characteristic  Is  Shown,  obtained 
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experimentally  at  a  light  Intensity  equivalent  to  about  300  Mif  cm  of 
soIelt  irradiance.  Shown  with  this  curve  as  circles  are  values  calcu¬ 
lated  by  using  the  "sum-of-tvrO-exponentlals'*  model  together  with  a 
sin^e  Ivimped  series  resistance  corresponding  to  the  original  model  of 
Fig.  la.  ^e  points  obtained  in  this  manner  show  a  fair  approximation 
to  the  experimental  curve,  with  the  largest  deviations  at  the  knee  of 
the  curve  Which  Is  of  greatest  interest  for  maximum  power  output  con¬ 
siderations  i 

A  further  calculation  has  been  carried  out  using  the  improved  lumped 
constants  model  described  In  Section  7  nnd  Fig.  9  together  with  the 
"sum-of-twO-exponentials"  model.  The  results  are  presented  In  the  form 
of  squares  superimposed  on  the  experimental  curve.  They  prove  the 
very  close  approximation  to  the  actiial  cell  characteristic  obtained  by 
the  use  of  this  model.  The  equivalent  circuit  diagram  of  this  model 
Is  shown  In  Fig.  12,  and  the  equatlcm  describing  it  has  the  following 
form; 


(9) 


Although  this  model  is  only  the  next  improvement  step  after  the  original 
lumped  constants  model.  It  exhibits  already  considerable  complexity, 
but  yields  also  much  more  satisfactory  results. 

It  will  be  interesting  to  note  that  for  cell  A-G-43  the  values  for 

R.  and  Ra  which  were  found  to  give  best  results  were  0.263  and  0.30 
®1  -2 


respectively^  This  compares  to  a  siagle  lumped  resistance  of  Rg  =  O.36 
ohms  for  the  .old  models  The  values  indicate  a  larger  contribution  front 
the  sheet  resistance  than  from  the  bulk  and  contact  resistances. 

The  foregoing  discussions  shed  li^t  on  the  importance  of  the  p-n 
Junction  characteristic  to  the  device  developaent  engineer,  vho  can 
by  applying  this  method  study  the  device  parameters  without  being 
hindered  by  the  overshadowing  effects  of  series  reslstence. 

9.  COHCLUSION 

The  foregoing  discussions  illuminates  the  effect  of  series  resistance 
on  solar  cell  measurements  and  the  caution  to  be  taken  in  their  inter¬ 
pretation.  The  reduction  of  efficiency  at  high  light  intensities  due 
to  high  values  of  series  resistance  was  analyzed  with  the  conclusion 
that  for  advantageous  application  of  solar  cells  at  high  light  inten¬ 
sities  emphasis  has  to  be  placed  on  the  reduction  of  series  resistance. 
Finally,  new  features  of  the  p-n  Junction  characteristic  were  discussed* 

These  were  previously  hidden  due  to  the  modification  of  the  current- 
voltage  characteristic  by  series  resistance  effects.  New  lumped 
constants  models  were  developed  which  more  closely  approximate  the 
characteristics  measured  on  the  solar  cells. 
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ihe  Male  eduatioa  deacriMnft  +.he  curreat-vol-toge  ehamc 
a  solai*  aaglecting  series-  and  shunt-resistaiice  is: 


vhere:  B  = 
of  the  papexrr^ 


and  aH  other  quantities  as  described  in  Section  2 


(e*"!  -1)  -  ) 

ne  equ.  (Ai)  at  light  lerel  and 

the  Same  equation  at  li^t  level  I^.  ^ 

Since  Y  is  the  independent  variable,  one  can  cnoose. 


^2-^1 


and  can  set: 


vhere  dL  is  proportional  to  the  difference  in  light  intensity 
betvee^evels  1  and  2.  Subtracting  eqji.  CA2)  trm  equ.  ^A3  J 
after  introducing  equ.  (a4)  and  (A5),  one  obtains: 


for  choices  of  V-  =»  Y^.  ^  j. 

Equation  (6)  describls  a  translation  of  the  coordinate  system 
parallei  to  the  current  axis  by  the  amount  mi  on  the  current  axlB 

For  higher  light  levels,  the  effect  of  series  rapis-^ce  on  the 
lY  -  Characteristic  has  to  be  includ^,  due  to  the  In^raased  mag¬ 
nitude  of  the  cunrent  X,  (see  ?ig*  !)•  ^^re 

v'  »  Y  -  IR_  . 

is  the  voltage  across  the  p-n  Junction,  'Which  is  larger 
tenninal  voltage  V  by  the  voltage  drop  in  the  series  resistance. 
(Note  that  the  current  X  is  a  negative  quantity  (see  egn- 
resulting  in  Y'  Y  f or  power  geneiatloa  in  the  solar  cep. 
quadiaS^Operation).  5Che  W..<*aiacteristlc  for  the  e^waient 

circuit  (Fig.  la)  is: 


*  Al  - 


I  »  1  (e®^^  “  ™s)  .1)  * 
0 

(A8) 

-  (e®^'  -1)  - 

; 

(A8a) 

Introducing  again  two 

light  levels  1  and  2,  one 

obtains: 

*1  ■  *1  \ 

• 

(A9) 

.1)  .  . 

(AID) 

Again  one  chooses: 

II 

-^0. 

• 

(All). 

and  obtains  the  same  translation  as  before: 

H 

10 

n 

1 

; 

(a6) 

Equation  (7)  results. 

however,  in  two  different  terminal  voltages 

Vi  and  V2  for  the  two  currents  I2  and.  Prcm  equ.  (ll),  (?)  and 
(6),  foUowa: 

-  Vg  -  (Alla) 

which  describes  a  constant  relationship  between  7^  and  V2  for  any 
choice  of  V^.  The  constant  of  this  relationship  is  proportional 
to  the  series  resistance  R  and  to  the  change  in  li^t  level. 
Equation.  (Ua)  thus  descrioes  a  second  translation  of  .  the  coordinate 
system,  this  one  parallel  to  the  voltage  aads  by  the  amount: 

Yg--Yj^-4Ei,R^  (A12) 


Equations  (a6)  and  (AT)  describe  the  photovoltaic  output  character¬ 
istic  as  invariant  to  any  change  in  the  .li^t  intensity  ezeepb  for 
two  translations  ot  the  (current-voltage)  coordinate  system. 
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